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= Axial propagat ion   cons tan t  
= Wavelength  of  sound 
= Airstream s ta t ic  d e n s i t y  
= Mass f l u x  
= Character is t ic   impedance  of  a i r  
= Facep la t e   po ros i ty  
= I n t e g r a t i o n   v a r i a b l e   ( t i m e )   i n   a u t o c o r r e l a t i o n   f u n c t i o n  
= Gradient   opera tor  
DEFINITIONS 
C y l i n d r i c a l  I n l e t  - An i n l e t  of uniform inside diameter  with a conventional 
bellmouth,  no  centerbody. 
High  Subsonic - A n  i n l e t  of   varying  inside  diameter ,   having  the minimum 
Mach I n l e t  area, o r   t h r o a t ,   i m m e d i a t e l y   a f t  of the  b l lmouth,  
t h e n c e  d i f f u s i n g  i n t o  t h e  same diameter a t  the  d ischarge  
p l ane  as t h e  c y l i n d r i c a l  i n l e t .  
Acce le ra t ing  - A high  subsonic  Mach i n l e t   w i t h o u t   a c o u s t i c   t r e a t m e n t .  
I n l e t  
Hybrid I n l e t  - A h igh   subsonic  Mach i n l e t   w i t h   a c o u s t i c   t r e a t m e n t .  
Standard Day - 15" C (59" F)  temperature  and 70% relative humidity. 
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ANALYTICAL AND EXPERIMENTAL STUDIES OF ACOUSTIC PERFORMANCE 
OF SEGMENTED LINERS  IN A COMPRESSOR INLET 
R . E .  Motsinger, R . E .  Kraf t ,  J . E .  Paas,  and B.M. Gahn 
General Electr ic  Company 
SECTION 1.0 
SUMMARY 
I 
I 
T h i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of a n  a n a l y t i c a l  and experimLnta1 
inves t iga t ion  of acoust ic  suppression expected versus  that  actualdy achieved 
with multi-segmented treatment on the inlet  of a compressor stage simulating 
t h e  f a n  of a turbofan engine.  The a n a l y t i c a l  p r e d i c t i o n  f o r  t h e  k u l t i -  
I 
segmented treatment from the analysis developed by W. Zormuski ( 
was found to  provide  the  cor rec t  o rder  of magnitude of suppressi 
genera l ly  wi th in  50% of that   determined  experimentally.   In  ordek  to  improve 
the   co r re l a t ion ,   fu r the r   r e f inemen t s  are requi red   in :  (1) measukement of t h e  
s o u r c e ' c h a r a c t e r i s t i c s  i n  terms of i t s  complex acous t ic  pressur4  and  con- 
s t i t u e n t  modal amplitude and phase; ( 2 )  the   a lgori thm  used  in   fhe program- 
ming  of t h e  a n a l y s i s  t o  f i n d  t h e  e i g e n v a l u e s  of the  t rea ted  duc t ;  ( 3 )  t h e  
de te rmina t ion  of  the  acous t ic  impedance of the treatment under conditions 
equiva len t  to  those  imposed  by a i r c ra f t  eng ine  duc t s .  While t h i s  work  was 
e x p l o r a t o r y  i n  n a t u r e ,  p a r t i c u l a r l y  i n  r e g a r d  t o  t h e  measuremend of t h e  modal 
c h a r a c t e r i s t i c s  of t he  sou rce ,  t he  r e su l t s  sugges t  t ha t  work to  deve lop  th i s  
approach fur ther  w i l l  l e a d  t o  a use fu l  and r e l i a b l e  p r e d i c t i o n  method. 
I n  a d d i t i o n ,  t h i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of an experimental study 
of  the acoust ic  suppression that  can be achieved by means  of t h e  e f f e c t  of 
high-subsonic flow Mach number i n  t h e  i n l e t ,  p e r  s e ,  and of t he  amount t h a t  
t h i s  e f f e c t  c a n  b e  augmented by means  of acoust ic  t reatment .  The da ta  show 
tha t  the  suppress ion  due  to  h igh  subsonic  Mach number f l o w  e f f e c t s  become 
signif icant  above an average throat  Mach number  of 0.65 t o  0 . 7  and t h a t  20 
PNdB can be achieved with an .average throat Mach number in  the  r ange  of 0.80 
t o  0.85; f u r t h e r ,  t h e  d a t a  show t h a t  a n  i n l e t  w i t h  a 1engt.h-to-diameter r a t i o  
of 1 .42 operated with pressure recovery of  0.99 o r  g r e a t e r  a v e r  t h i s  t h r o a t  
Mach number range. It showed t h a t  t h e  e f f e c t s  of flow  and of treatment are 
not  addi t ive ,  bu t  tha t  the  acous t ic  t rea tment  w a s  as e f f e c t i v e  i n  t h e  h i g h  
Mach i n l e t  as i n  t h e  c y l i n d r i c a l  i n l e t .  
F i n a l l y ,  d a t a  are g i v e n  f o r  t h e  measured  turbulence  in  the  in le t ,  in -  
c l u d i n g  t h e  a x i a l  and  c i r cumfe ren t i a l  t u rbu lence  in t ens i t i e s  and t h e  a x i a l  
i n t e g r a l  l e n g t h  scale. These  data are p r e s e n t e d  f o r  t h e  i n l e t s  as t e s t e d  f o r  
t h e  i n l e t  s u p p r e s s i o n  s t u d i e s  and f o r  t h e  i n l e t s  a f t e r  a n  i n l e t  s c r e e n  w a s  
added t o  smooth the turbulence.  Data wi th  and  wi thout  the  in le t  sc reen  are  
presented,  showing that  the screen reduced the turbulence intensi t ies  and 
t h a t  t h e  BPF n o i s e  w a s  reduced as a consequence. 

I 
SECTION 2.0 
INTRODUCTION 
Reduction  of  noise  radiated  from  the  inlets  of  turbofan  engines  without 
resort  to  the  use  of  acoustically  treated  splitters  is  essential  for  meeting 
Federal  regulations  on  aircraft  flyover  noise  while  avoiding  performance 
penalties  and  operational  difficulties,  or  even  potentially  hazardous  condi 
tions,  which  could  arise  from  ice  formation  on  such  splitters. As regulated 
noise  limits  are  progressively  lowered  in  the  years to come,  the  continued 
need  for  improvement  in  suppression  techniques  will  require  the  use  of  more 
and  more  sophisticated  design  approaches. 
Two  such  approaches  have  been  investigated  in  the  present  'study:  one  is 
based on the  multisegmented  (or  multi-phased)  treatment  concept  evolved  by 
Zorumski(l),  and  the  other  is  based on the  high-subsonic  velocity flow ef- 
fects  upod  acoustic  propagation  (attenuation)  that  has  been  experimentally 
observed  for  untreated  inlets  of  variable  cross-sectional  area*. 
The  multi-phased  treatment  concept  consists of incorporating  two  or  more 
acoustic  treatments  of  different  impedances  on  the  duct  wall so that  at  the 
interfaces  between  any  two  treatment  panels,  reflection  and  redistribution of 
acoustic  energy  into  higher  order  modes  occur,  thereby  causing  the  treatment 
to be  more  effective  in  absorbing  the  noise.  Zorumski's  analysis(1)  provides 
the  understanding  and  permits  the  analytical  prediction  of  these  effects. 
The  effect  of  high-subsonic  velocity  flow  on  duct  propagation  is  not  as 
well  understood.  The  surprising  aspect  is  that  the  suppression  becomes 
significant  well  before  sonic  velocities  are  reached  in  the  inlet,  but  this 
is  already  known  from  prior  tests*.  The  present  study,  therefore,  was  con- 
cerned  with  achieving  this  effect  with  high  performance  and  with  determining 
the  benefit  of  incorporating  treatment so as to  include  the  combined  benifits 
of  flow  and  (single  or  multi-phased)  treatment  in  the  so-called  "hybrid" 
concept.  Because  the  high-subsonic  velocities  needed  to  achieve  acoustic 
suppression  are  too  large  to  present  to  the  compressor  rotor,  relative 
to  current  design  practice  limits,  the  inlet  is  contoured so as  to  have 
the  smallest  flow  area  (throat)  immediately  downstream  of  the  inlet  lip,  then 
the  area  is  increased so that  the  airflow  is  diffused  andethe  velocity  is 
slowed  to  values  that  are  within  acceptable  limits.  The  possible  effect o  
this  diffusion  process  upon  ingested  aerodynamic  turbulence  cell-size  and 
intensity-levels  and,  thence,  the  effect  of  this  (possibly  amplified)  tur- 
bulence  on  the  rotor-generated  n0ise(~,3,~)  led to some  concern  with  regard 
to whether  any  suppression  benefit  from  the  high-subsonic  flow  effects  might 
be  reduced  or  totally  lost as  a  result  of  increased  source  noise  level. 
Therefore,  this  aspect  was  also  studied  experimentally  in  this  program. 
* -  -. 
*Unpublished  data. 
I 
3 
Use of trade  names or names of manufacturers  in  this  report  does not 
constitute  an  official  endorsement of such products or manufaturers,  either 
expressed or  implied, by the  National  Aeronautics  and  Space  Administration. 
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SECTION 3.0 
OBJECTIVES 
The  general  objectives of this  report  are:  to  show  the  correlation 
obtained  between  predicted  and  measured  acoustic  attenuation  in  a  compressor 
inlet  duct  with  multisectional  acoustic  treatment;  to  show  the  effect  of  high- 
subsonic-velocity  flow on the  acoustic  and  aerodynamic  performance  of  an  inlet 
with  and  without  such  treatment;  and,  to  document  the  inlet  turbulence  levels 
and  associated  farfield  noise  from  the  compressor  when  tested  in  the  NASA-LRC 
anechoic  chamber  with  the  conventional  and  high-subsonic  Mach  inlets,  with  and 
without an inlet  screen  for  smoothing  the  turbulence.  More  specifically: 
1. The  primary  purpose  of  this  report  is  to  compare  the  suppression 
predicted  for  specified  inlet  treatment  co  gurations  from  the 
analysis  developed  at  NASA-LRC  by  ZorumskiPff  and  implemented  in 
the  'lAcoustic  Theory  of  Axisymmetric  Multisectioned  Ducts'' 
computer  program,  ACTAMD,  with  the  suppression  achieved  by 
these  configurations  on  an  experimental  compressor  and,  to  make 
recommendations  for  any  improvements  in  the  analysis  identified  as 
a  result  of  this  comparison. 
2 .  A  secondary  objective  is  to  provide  information  on  the  experi- 
mentally  determined  aerodynamic  performance  and  acoustic  suppres- 
sion  for  an  "accelerating"  inlet  with  and  without  multisectional 
treatment,  showing  the  effect  of  high  subsonic  velocity  flow,  up  to 
0.83 average  throat  Mach  number,  on  the  suppression  achieved. 
3 .  The  final  objective  is  to  provide  information  on  the  axial  and 
circumferential  turbulence  intensity  levels  and  on  the  integral 
length  scale  in  the  axial  direction  of  the  turbulent  cells,  for 
both  the  conventional  (cylindrical)  and  the  accelerating  inlet  on 
the  compressor as installed in the  NASA-LRC  Anechoic  Chamber  also, 
to  document  the  measured  farfield  noise  levels  radiated  from  the 
compressor  inlet  for  the  same  test  conditions,  without  instru- 
mentation  rakes in the  inlet;  finally,  to  show  the  effect 05 an 
inlet  screen  on  both  turbulence  and  noise  for  each  inlet  type. 
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SECTION 4.0 
THEORETICAL  CONSIDERATIONS 
The  basis  for  the  design  of  the  acoustic  treatment,  a  discussion  of  the 
wavefield  theory,  and  the  mathematical  model  of  the  test'vehicle  used  for 
the  analytical  program  are  presented  in  this  section. 
4.1 LINER  DESIGN 
Since  the  primary  purpose  of  this  study  was  to  establish  the  experi- 
mental  verification  of  the  analytical  prediction  of  suppression by  the
acoustic  field  theory  outlined  by  Zorumski(l),  the  acoustic  treatment  designs 
evolved  for  the  experiment  included  six  different  basic  panels.  These  six 
allow  permutations  of  three  at  time  to  provide  120  different  possible 
treatment  configurations.  In  this  way  the  segmentation  effects  postulated  by 
Lansing  and  Zorumski  in  Reference (5) and  by  Zorumski  in  Reference (6) as 
having  possible  beneficial  effect  could  be  investigated  by  selection  of 
favorable  combinations. 
The  criteria  used  for  evolving  these  particular  panel  design  choices 
consisted  of  the  following: 
o One  of  the  panels  should  be  designed  for  the  values  of  reactance 
and  resistance  expected  to  be  near  optimum  for  the  m=-7 
Tyler-Sofrin  rotor-stator  interaction(7)  mode  expected  for  the 
vehicle'with its  19  rotor  blades  and 26 stators. A baseline  test 
of this  panel,  at  the  same  treated  length-to-diameter  ratio  as 
used  for  the  multi-segmented  configurations,  should  be  included 
as  a  reference  for  evaluating  the  improvement  achieved  by  multi- 
segmenting  or  "multi-phasing". 
o To  obtain  the  beneficial  effect  of  impedance  mismatch  at  the 
interfaces  between  adjacent  segmented  panels,  the  specific  reac- 
tance  of  the  panels,  X/pc,  must  change  abruptly  in  sign(6)  (from 
negative  to  positive  or  vice-versa).  Desirable  values  of  the 
specific  reactance  at  the  design  frequency  should  be -1, 0, and 
a high  positive  value;  also,  in  the  adjacent 1/3 octave  frequency 
bands  on  either  side  of  the  design  frequency  two  of  the  panels 
should  have  reactances  of  opposite  sign so that  the  criteria  of 
Lansing  and  ZorumsEii(5~6)  could  be  met  at  more  than  one  frequency. 
Three  panel  depths  were  selected  to  meet  these  criteria  (see 
Section 5.1.4). 
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To  include  the  possible  differences  in  effects  between  dissipative 
and  reflective  liners(51,  there  should  be  two  sets  of  panels  of 
different  resistances:  one  set  with  a  nominal  10%  porosity  in  the 
faceplate  and  the  other  with  25%.  The  10%  porosity  is  estimated  to 
provide  between 1.0 and 1 . 5 ~ ~  resistance,  typical  of  dissipative 
panels; and, the  25%,  between 0.4 and  0.6pc,  approaching  that  of 
reflective  panels. 
S i x  panels,  therefore,  were  designed  to  obtain  a  range  of  variations  on  both 
reactance  and  resistance  which,  in  general,  met  the  criteria  which  prior 
studies  showed  were  desirable  in  order  to  achieve  enhanced  suppression  as  a 
result  of  the  use  of  multisectional  treatment. 
The  computer  program  of  Zorumski's  analysis,  ACTAMD,  was  used to screen 
from  the  possible  135  multisegment  permutations*  a  total  of  15  segmented 
configurations  for  test  in  the  experimental  program  (see  Section  5.1.4  and 
Table 111). A hard  walled  baseline  case  and  two  different  lengths  of  uniform 
treatment  were  also  tested.  For  this  study,  the  principal  frequency  con- 
sidered  was 6300 Hz (which  occurs  at a  test-vehicle  rpm  that  yields  subsonic 
absolute  tip  Mach  number,  see  Section 5.1.2),  but  since  sensitivity  to 
bandwidth  may  also  be of concern,  the  adjacent  113  octave  midpoint  frequen- 
cies  of  5000  and 8000 Hz were  also  considered  in  some  cases. 
At  this  time,  the  source  characteristics  of  the  compressor  and  inlet 
duct  had  not  yet  been  determined, so the  screening  analysis  was  done  assuming 
that  the  blade  passing  frequency  tone  noise  was  dominated  by  rotor-stator 
noise;  accordingly,  the  Tyler-Sofrin  prediction  for  rotor-stator  interaction 
(seventh-order)  spinning  mode  number  was  assumed.  Additional  assumptions  for 
this  study  included: 1) the  first  three  radial  modes  (which  are  all  cut  on) 
were  of  equal  amplitude  and  zero  relative  phase  at  the  entrance to the 
treated  section  (input  into  the  softwall); 2)  the  resistances of the 10% and 
25%  porosity  faceplate  were  1.5  and 0 . 5 ~ ~ ~  respectively; 3)  the  airflow  was 
of uniform  velocity, 0.4 Mach  number,  throughout  the  duct  cross-section; 4) 
the  boundary  condition  at  the  wall  was  continuity  of  particle  displacement. 
The  suppressions  predicted  on  this  basis  for 49 configurations of the 6 
treatment  panels,  including 6 single  phase  and 43  multisegment  combinations, 
are  summarized  in  Table I; those  configurations  selected  for  test  are  also 
identified. 
Calculated  suppressions  for  a  given  duct  configuration  are.  strongly 
dependent upon  the  source  characteristics  (relative  Zmplitudes  and  phases  of 
the excited  modes), so that a truly  valid  test  of  the  theory  can  only  be  made 
i f  the  source  is  well  defined.  For  this  purpose, a  llMode-probel'  (see  Section 
5 . 2 . 1 )  was  used  to  determine  the  spinning  mode  order  present  at a particular 
radius of  the  test  vehicle;  this  measured  information  was  used  in  the  ACTAMD 
program to  predict  suppressions  for  selected  configurations  as  presented  and 
discussed  in  Section  6.2. 
- ~ -  
*Permutations  of  (A,B,C,D,E,F)  taken 3 at a  time, 7 = 120 61 
permutations  of A ,  A plus  one  of  B,C,D,E,F = 15; %6tal  135. 
Table I. P r e d i c t e d  Suppressions. 
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4.2 WAVE FIELD THEORY 
second  order 1). tin1  differential  equation known as the  convected  acoustic 
wave  equation ( 3  , 
The  acoustic  wave  propagation  in  a  duct  with  mean  flow is described  by a 
v p  = 2 !I? 
Dt 2 
and  associated  wall  boundary  conditions 
where 
e =  
t =  
bb = 
K =  
x =  
i =  
k =  
B =  
n =  
v =  
Vp.n = i ( l  - M -) Bkp + 
n 
K 
o k  
(4.1.2-1) 
(4 .1 .2 -2 )  
acoustic  pressure 
time 
mean  flow  Mach  number 
unit vector normal to  wall 
axial propagation constant 
free  space  wave  number 
wall  admittance 
1, particle  velocity  continuity, = 2 ,  particle  displacement 
continuity 
gradient  operator 
J-1 
D a - ' - f M o  . -  a Dt at 
z = axial  length  variable 
It is  assumed  that  the  mean  flow  is  uniform  across  and  along  the  duct.  If 
variables  can  be  applied  to  Equations (4.1.2-1) and (4 .1 .2 -2)  by  assuming 
the  duct  geometry  possesses  sufficient  symmetry,  the  method  of  separation of 
a  solution  of +.he  form 
p ( r , e , Z )  = R ( r )  e ( e ) Z ( z )  (4.1.2-3) 
this  leads  to a  set  of  ordinary  differential  equations  and  boundary  condi- 
t ions .  
solution  in  the  axial  direction  is  of  the  form, 
I n  the  case  of  the  cylindrical  duct (no centerbody),  the  characteristic 
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the  circumferential 
and  the  solution  in 
Z ( Z )  = elKZ 
solution is of  the  form, 
(4 .1 .2 -4)  
(4 .1.2-5)  
the  radial  direction  involves  Bessel  functions,  such  that 
R ( r )  = J,(ar) (4.1.2-6) 
where 
6 = circumferential  variable 
m = spinning  mode  order 
Jm = mth order  Bessel  function,  first  kind 
r = radial  variable 
ct = characteristic  parameter 
Following  the  classical  method  of  solution, t can be  shown  that  application 
of the  boundary  conditions in the  radial  direction  leads  to  a  discrete  set  of 
characteristic  functions, known as  eigenfunctions,  with  associated  eigen- 
values. The eigenfunctions  form  a  complete  set  of  functions(8)  in  the 
Fourier  series  sense,  from  which  general  solutions  can  be  constructed  by 
series  expansions. 
This  modal  analysis  approach forms the  basis for the  exact  solution f o r  
the  wave  field  in  a  uniform,  segmented,  axisymmetric  duct,  as  described  by 
Zorumski(l). To complete  the  solution, it is necessary  to  provide  a  descrip- 
tion  of  the  noise ource in terms  of  modal  source  characteristics  at  some 
plane (OK planes)  of  the  duct.  The  source  enters  as  non-homogeneity  in  the 
differential  equation  at  the  source  planes. 
section  between  segments  are  coupled  by  means  of  equations  of  continuity  of 
acoustic  pressure  and  the  axial  component'of  acoustic  velocity  across  the 
equations  with  the  modal  amplitudes  of  the  solution  at  duct  segment  end 
interfaces.  These  relationships  can  be  cast  into  the  form f transfer  matrix 
planes  as  the  unknown  quantities.  These  transfer  matrix  equations  are  then 
stacked  into  a  large  system  matrix  equation,  which  can  be  solved  for  the 
modal  amplitude  vector  by  standard  methods  for  systems of li3ear  equations. 
The solutions in different  segments  of  the  duct  at  the  planes  of  inter- 
11 
The solution  is  exact  in  the  sense  that  the  only  approximation  involved 
is that  due  to  the  convergence  of  the  series  expansions,  in  a  Fourier 
a s u l ~ r i c i c n L  nurnher of modes  in  the  series  expansion.  When  the  modal 
scrics  sense.  The  errors  can  be  reduced t o  any  desired  value  by  inc1.uding 
solution in each  duct  section  is  determined,  the  energy  flux  and  thus  the 
o v c r a l l  suppression  can  be  calculated  from  the  acoustic  intensity  expres- 
sion. 
The  wave  field  solution  in  terms  of  component  modes  provides  a  number 
of  advantages  to  purely  numerical  solutions  such as finite  differences or 
finite  elements  in  that  it  allows  a  complete  description of the  propagation 
The interpretations  afforded  by  the  modal  description  provide  critical 
phenomena  in  terms  of  modal  redistribution,  reflection,  and  attenuation. 
insights  to  propagation  effects  which  influence  the  performance  of  liner 
designs. 
4 . 3  i’LATHEMATICAL MODEL OF TEST  VEHICLE 
The  mathematical  model  of  the  test  vehicle  is  based on the  ACTAMD 
analytical  program  input  requirements  for a cylindrical,  multi-segmented 
geometry,  treatment  definition,  source  modal  characteristics,  mean  flow 
inlet  with  mean  flow.  The  primary  input  to  the  program  consists  of  duct 
Mach  number,  and  spinning  mode  order.  The  frequency  information  is 
of  the  wavenumber. 
included  by  nondimensionalizing all  lengths  in  the  program by the  Inverse 
Figure 1 shows  schematics  of  the  actual  inlet  geometry  and  the 
mathematical  model  input  to ACTAMD. The  inlet  is  modeled as semi-infinite 
length  duct,  such  that  acoustic  reflections  from  the  bellmouth  inlet  (duct 
termination)  are  ignored. The mean  flow  is  assumed  to  be  uniform  across 
and  along  the  duct. 
The  source  plane  is  taken to be  the  hardwall  plane  designated as  Plane 
1 in  Figure 1 adjacent  to  the  entrance  to  the  first  treatment  section.  The 
mode  weightings  as  determined  by  the  in-duct  modal  measurements  were 
entered  at  this  plane  for  each  spinning  mode  order,  assuming  all  energy  to 
occur  in  the  forward  propagating  wave.  The  overall  PWL  suppression  was 
calculated  by  comparing  the  net  flux  at  Planes 1 and 8 ,  under  the  assump- 
tion  that  very  little  energy  was  reflected  at  Plane 1. . 
The  treatment  definition is based on the  analytical  impedance  models 
presented  in  Section 5.1.4. It is  assumed  that  the  effects  of  boundary 
neglected. 
layers,  both on the  wave  propagation  and  treatment  impedance,  can  be 
12 
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Figure 1. Schematics of Treated  Cylindrical Inlet  and ACTAMD 
Mathematical Model. 
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SECTION 5.0 
EXPERDENT 
The e x p e r i m e n t a l  f a c i l i t y ,  test hardware,  data acquisit ion and reduc- 
t i on  p rocedures ,  and  the  t e s t  p rog ram fo r  bo th  acous t i c  and aerodynamic data 
a r e  d e f i n e d  i n  t h i s  s e c t i o n .  
5.1 EXPERIMENTAL FACILITY AND TEST APPARATUS 
5.1.1 Anechoic Chamber 
The NASA-LRC, Bldg 1218A, anechoic chamber shown i n  F igure  2 was used 
i n  t h i s  test program.  The in t t rna l  d imens ions  of t h e  chamber are  approxi-  
mately 7.6 x 7.6 x 7.0 m (25 x 25 x 23 f t )  between wedge t i p s .  All s u r f a c e s  
of t h e  chamber are cove red  wi th  f ibe rg la s s  wedges impregnated with phenol- 
formaldehyde and enclosed with hardware cloth t o  i n c r e a s e  r i g i d i t y .  The 
wedges on t h e  f l o o r  a r e  o v e r l a i d  w i t h  a meta l  g ra t ing  to  a l low walk ing  
access  to  the  t e s t  equ ipmen t .  
Figure 2,  wi th  a small (15O) can t  from the ad jacen t  s idewal l .  The a i r f l o w  
The  test v e h i c l e  i s  i n s t a l l e d  i n  one corner  of  t h e  room, as shown i n  
tha t  pas ses  th rough  the  test v e h i c l e  e n t e r s  t h e  chamber through an intake 
s t a c k  i n  t h e  r o o f ,  and is exhaus ted  in to  a discharge plenum, a d ischarge  
valve,  and an exhaust.  stzck. Back p res su re  on t h e  t e s t  v e h i c l e  i s  con t ro l l ed  
by the discharge valve.  
t h e  r o t o r  s t a g e ;  t h e  d r i v e  is i s o l a t e d  from the room by t h e  wall of t h e  
chamber. 
The test v e h i c l e  i s  d r iven  by a n  e l e c t r i c  motor  coupled  to  the  shaf t  of 
5.1.2 Test Vehicle  
i n . )  i n  d i a m e t e r ,  c o n s i s t i n g  of 1 9  ro to r  b l ades  and 26 out le t  gu ide  vanes  
The t e s t  v e h i c l e  was a s ingle-s tage t ransonic  compressor  30.5 cm (12 
w i t h  a spacing of 1.02 t r u e  rotor  pi tch chord lengths .  There were 5 center -  
body  suppor t  s t ru t s  2.7 ( s t ru t )  chord  lengths  ups t ream of t h e  r o t o r .  A 
cross s e c t i o n  o f  t h e  t e s t  v e h i c l e  as c o n f i g u r e d . f o r  t h i s  t e s t  is shown i n  
F igu re  3. 
On t h e  o p e r a t i n g  l i n e ,  t h e  p r e s s u r e  r a t i o  of t h e  s t a g e  i s  1.325 a t  100% 
rpm, and  the  a i r f low as a func t ion  of percent  rpm in  the  r ange  f rom 70 t o  
100% is g i v e n  i n  F i g u r e  4 .  Reference information on a b s o l u t e  rpm, t i p  
Table 11. The s t a g e  was operated on t h i s  o p e r a t i n g  l i n e  d u r i n g  t h e  t e s t  
speed ,  and  b lade  pass ing  f requency  as  a func t ion  of  percent  rpm i s  given i n  
program. 
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Figure 2. NASA-Langley  Research  Center  Anechoic  Chamber. 
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Figure 3. NASA-Langley  Research  Center  Anechoic  Chamber  Test 
Vehicle  with  Treated Inlet. 
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5.1.3 I n l e t  Hardware 
Two i n l e t s  w e r e - t e s t e d :  a c y l i n d r i c a l  and a high-Mach-number i n l e t .  
Both were des igned  to  accommodate th ree  sepa ra t e  r ep laceab le  l i ne r  s egmen t s ,  
e i t h e r  h a r d w a l l  o r  a c o u s t i c a l l y  t r e a t e d  t o  a c h i e v e  a t rea ted  length- to-  
d i a m e t e r  r a t i o ,  L/D, of  1.0. The two designs shown i n  F i g u r e  5 i l l u s t r a t e  
t h e  manner i n  which t h i s  w a s  done. 
Each i n l e t  had a bel lmouth  l ip :  a s t a n d a r d - t y p e ,  l a r g e  l i p  w a s  used 
w i t h  t h e  c y l i n d r i c a l  i n l e t ;  a n  " a e r o / a c o u s t i c "  l i p  w a s  used  wi th  the  h igh  
Mach number i n l e t .  T h e  a e r o / a c o u s t i c  l i p  w a s  des igned  to  provide  in le t  f low 
c h a r a c t e r i s t i c s  r e p r e s e n t a t i v e  of a f l i g h t  l i p  i n  terms o f  the  p re s su re  
d i s t r i b u t i o n  a f t  o f  t h e  p e a k  wall-Mach-number l o c a t i o n .  The t reatment  
s e c t i o n s  f o r  b o t h  i n l e t s  were one  f an  d i ame te r  i n  l eng th  and were loca ted  
t h e  same d i s t a n c e  f r o m  t h e  r o t o r .  
The high Mach number i n l e t  w a s  des igned  for  a one-dimensional throat 
Mach number of  0.72 a t  89% rpm s tage  speed .  This  average  throa t  Mach 
number i s  a b o u t  t h e  h i g h e s t  p r a c t i c a l  level f o r  CTOL a i r c r a f t  e n g i n e  i n l e t s  
w i thou t  va r i ab le  geomet ry .  Neve r the l e s s ,  t he  des ign  i s  s u c h .  t h a t  t h e  i n l e t  
w i l l  ope ra t e  wi thou t  f low sepa ra t ion  up th rough .an  ave rage  th roa t  Mach 
number of  0 .83,  permit t ing operat ion of  the compressor  s tage up t o  97% rpm. 
The average throat  Mach number over the range of rpm from 70% t o  97% is 
shown i n  F i g u r e  6. Th i s  des ign  was based  on  streamtube  curvature  (STC)(9) 
f low ana lys is  and  St ra t ford-Beaver  boundary  layer  ana lys i s  c 9 )  .programs 
which were employed to  eva lua te  boundary  layer  growth  and  s tab i l i ty .  The 
L/D o f  t h e  i n l e t  w a s  1 .42  ( to  the  s imula ted  fan  face)  and  the  d i f fuser  area 
r a t i o  was 1.46. 
A t  t h e  89% rpm des ign  po in t ,  t he  ca l cu la t ed  f low Mach number a t  t h e  
w a l l  a l o n g  t h e  l e n g t h  o f  t h e  i n l e t  i s  shown i n  F i g u r e  7. This ' shows tha t  a t  
t he  th roa t ,  where  the  ave rage  Mach number i s  0.72,  the value at t h e  w a l l  is 
c l o s e  t o  s o n i c ,  b e i n g  a b o u t  0 . 9 7 ;  a f t  o f  t h e  t h r o a t ,  t h e  f l o w  is  d i f f u s e d  
such  tha t  i n  the  r eg ion  wh ich  inc ludes  acous t i c  t r ea tmen t ,  t he  wall Mach 
number i s  a maximum of 0.68 and decreases to 0.42 a t  t h e  downstream  end. 
No te  tha t  t he  in s ide  d i ame te r  of the  h igh  Mach i n l e t  a t  t h e  downstream end 
o f  t h e  d i f f u s e r  i s  i d e n t i c a l  w i t h  t h a t  of t h e  c y l i n d r i c a l  i n l e t .  
, Inlet  turbulence,  being of  concern with regard to  i t s  e f f e c t  on n o i s e  
gene ra t ion ,  was measured as descr ibed  in  Sec t ion  5 .2 .2  wi th  and without  a 
sc reen  ove r  each  o f  t he  in l e t s .  The screen  assembly was i n s t a l l e d  a s  shown 
i n  F i g u r e  8 .  The screen ,  of  20 x 20  mesh and 51.8% porosity,  was supported 
by  th in  rods  (v i s ib l e  in  the  f igu re )  bu i l t  acco rd ing  to  the  d imens ions  shown 
i n  F i g u r e  9. 
5.1.4  Acoustic  Treatment  Panels 
S ix  so f twa l l  acous t i c  t r ea tmen t  pane l s ,  des igned  fo r  t h i s  test on the 
b a s i s  d e s c r i b e d  i n  S e c t i o n  4.1, consis ted of  the combinat ion of  three 
cavi ty  depths  and  two f a c e p l a t e  p o r o s i t i e s ;  t h e  b a s i c  c o n s t r u c t i o n  of t h e  
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panels  consisted  of a solid  metal  backplate, an air  cavity  (maintained  by a
metal  honeycomb  of  the  specified  thickness),  and  perforated  faceplate. 
Hardwall  panels  (solid  metal  faceplate)  were  used to establish  the  baseline, 
unsuppressed  source  levels. Two representative  softwall  and  one  hardwall 
panel  are  shown in Figure 10. 
The"  panels  consisted  of  the  following: 
. .  
Panel  ,Designation 
Faceplate Porosity, Cavity Depth, 
cm (in.) % 
10 
10 
10 
25 
25 
25 
0.64 (0.25) 
1.27 (0.50) 
2.54 (1.00) 
0.64 (0.25) 
1.27 (0.50) 
2.54 (1.00) 
For  each  panel  the  element  length  was 10.16 cm (4 in.); the  faceplate  was 
0.04 k 0.01 cm (0.016 k 0.004 in.) thick  with  hole  diameter  of 0.10 cm (0.04 
in.); the  cell  size  of  the  honeycomb  in  the  cavity  was 0.64 to 0.96 cm  (0.25 
to 0.38 in.). 
The 10 percent  porosity  was  chosen  to  obtain a panel  resistance  between 
1.0 and 1.5 PC; the  25  percent  porosity,  to  obtain  between 0.4 and 0.6 PC. 
The  resistance  is  estimated  by  the  empirical  formula  given  by Rice(10).
where: R = Resistance 
M = Uniform  mean  flow  Mach  number 
(5 = Faceplate  porosity 
pc . =  Characteristic  impedance  of  air. 
The calculated  reactance  versus  frequency  for  each  of  the  six  panels  is  given 
in Figure 11. The reactance  was  calculated  by: 
where: X = Reactance 
k = Free-space  wavenumber 
t = Faceplace  thickness 
6 = 0.85  Kd an  empirical  end  correction  to  establish  the 
effective  thickness  of  the  faceplate 
26 
Figure 10. Representative  Cylindrical-Inlet  Liners. 
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Figure 11. Liner Reactances. 
where:  d = Hole  diameter 
K = Correction  dependent  on  airflow  Mach  number, 
given  in  Figure  12. 
model is from  Phillips (13) .  
The  effect  of  Mach  number on the  empirical  end  correction i the  reactance 
5.2 INSTRUMENTATION AND DATA ACQUISITION/REDUCTION 
5.2.1 Acoustic 
Instrumentation  for  acoustic  information  included  both  far-field  and  in- 
duct  measurements  for  the  determination  of  sound  pressure  levels. In addi- 
tion  it  included  a  "mode-probe''  for  in-duct  measurement  of  the  circumferen- 
stationary  reference)  for  the  determination f the  circumferential  acoustic 
tial  profile  of  coherent  acoustic  pressure  amplitude  and  phase  (relative  to  a 
modes. 
1.27 cm (1/2 in.) diameter.  As  shown  in  Figure  2,  they  were  placed on a
Farfield  noise  measurements  were  made  with  nine B&K 4133  microphones  of 
circular  arc of 3.05  cm (10 ft.) radius  centered on the  axis  of  the  inlet at
the  inlet  plane,  spaced at 10" increments  from 0" through 80" relative  to  the 
inlet  axis,  and  positioned at the same  height  as  the  compressor. 
In-duct  microphones  and  traversable  acoustic  probes  with  Kulite  trans- 
ducers  were  installed  as  shown  in  Figure  13.  The  wall-mounted  sensors 
consisted  of six B&K 4135  microphones of 0.64 cm  (1/4  in.)  diameter,  flush 
mounted at the  locations  indicated  by  the  dashed  lines in Figure 13. The 
acoustic  treatment  as  illustrated in  Figure  13; an additional  probe  was  used 
traversable  acoustic  probes  were  located  upstream  and  downstream  of  the 
on the  High  Mach  inlet a the  upstream  location  to  determine  the SPL both at 
the  inlet  plane  and at the  throat  plane of the inlet. 
test  vehicle. The device  consists  of  four probes  separated  by  a 90" angle, 
A  mode  probe  was  developed,  designed, and  built  for  application  to  the 
which  can  be  rotated  circumferentially,  and  two  stationary  reference  probes. 
The  rotating  probes were immersed  5.1  cm  (2  inches)  from  the  outer  wall. 
Figure 14 is a  photograph  of  the  assembled  mode-probe  apparatus.  The  pres- 
sure  sensing  elements  were  Kulite  transducers  of 0.318 cy (0.125  in.)  diam- 
eter  mounted in the  tips  of  the  probes.  Figure 15 is  a  closeup  of an indi- 
vidual  probe,  indicating  the  location f the  transducer. The signal  from 
amplifier,  and recorded on tape  for  subsequent data  reduction. 
each  transducer in the system  was  preamplified, using a low-noise  high-gain 
tape,  using  a  14-channel  Bell  and  Howell  wideband  (Group I) tape  recorder, 
in  the FM mode at 152.4  cm/sec (60 in./sec) in order  to  obtain  flat  frequency 
response  to 40 H z .  (An exception  was  the  acoustic  far-field  data  taken  in 
The  acoustic  data  for  determination  of SPL were  recorded on analog 
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Figure 15. Indiv idua l  Probe. 
conjunction with  the  hot  film  turbulence  data  which  were  recorded  at  half of 
this  tape.speed.) At.least  one  minute of  data  were  recorded  at  each  data 
point: 
The far-field  data  were  analyzed  with  a GR 1921  113-octave  band  analyzer, 
and adjusted-from the  atmospheric-absorption  attenuation  presenttunder  the 
ambient  conditions  of  the  test  to  standard  day  conditions, 15" C (59" F) 
temperature  and 70% relative  humidity,  according  to  the  method  described  in 
SAE 866(12). Sound  power  levels (PWL) were  calculated  assuming  the  sound 
wave  propagates on a  spherical  wave  front.  Overall  sound  pressure  levels 
were  calculated  by  the  summation  of  sound  pressure  levels  at  each  1/3- 
octave . 
The  modal  measurement  data  reduction  consists  of  the  calculation  of 
cross-spectral  densities  between  each  of  the  traversing  probes  and  the 
reference  Rrobe at each  circumferential  immersion.  This  was  accomplished 
using  a  Time  Data  Fast  Fourier  Analyzer  system  to  provide  tabulated  cross- 
spectra  in 40 Hz bandwidths. A total  of 250 averages  were  used  for  each 
sample. At particular  frequencies,  the  magnitude  and  phase  of  the  cross- 
spectral  density  were  plotted  as  a  function of circumferential  angle  to 
provide  complex  acoustic  pressure  profiles.  These  profiles  were  then  expanded 
into  component  spinning  modes  using  a  numerical  Fourier  analysis  procedure(l3). 
5.2.2 Aerodynamic 
The  aerodynamic  instrumentation  consisted  of  static  pressure  taps, 
located  along  the  length  of  the  inlet  duct,  and  a  total  pressure  rake.  For 
the  turbulence  intensity  tests,  a  radially  traversing  hot  film  probe  was 
installed  between  the  centerbody  support  struts  and  the  rotor,  approximately 
10.16 cm ( 4  in.)  upstream  of  the  rotor  leading  edge.  Aerodynamic  performance 
parameters,  calculated  from  static  and  total  pressure  data,  included  wall 
Mach  numbers,  recovery,  and  distortion  factors.  The  following  methods f 
determining  the  weight  flow  and  inlet  throat  Mach  numbers  were  used. 
Inlet  weight  flow  for  the  high  Mach  number  inlet  was  determined  from 
the  wall  static  pressure  axial  distribution.  Inviscid  inlet  axial  wall 
static  pressure  distributions  were  calculated  for  the  hybrid  inlet  using a
streamtube  curvature (STC) flow  analysis  program(9)  and  compared  with  measured 
values  at  a  number  of  different  inlet  weight  flows.  The  predicted  diffuser 
wall  pressures  were  then  adjusted  by  the  effective  boundary  layer  blockage 
to  account  for  viscous  effects: 
PS/PTinviscid 0 A/A* 
3 4  
Only s t a t i c  p r e s s u r e s  a f t  o f  t h e  minimum pres su re  were a d j u s t e d  s i n c e  v i s c o u s  
e f f e c t s  are n e g l i g i b l e  f o r w a r d  o f  t h i s  s t a t i o n .  P r e d i c t e d  s ta t ic  p r e s s u r e  
r a t i o s  below 0.5283 ( son ic )  cou ld  no t  be  ad jus t ed  in  th i s  f a sh ion .  
A t  t he  p lo t t ed  t ap  loca t ions ,  t he  measu red  w a l l  s t a t i c  p r e s s u r e  r a t i o  
w a s  u s e d  t o  i n f e r  a n  i n l e t  t h r o a t  Mach number us ing  ana ly t i ca l  f l ow p red ic t ion  
techniques .  Idea l ly ,  a l l  s ta t ic  t a p s  w i l l  i n d i c a t e  a n  i d e n t i c a l  t h r o a t  Mach 
number f o r  a g iven  opera t ing  condi t ion .  This  is un l ike ly  to  occur  as a 
r e su l t  o f  expec ted  flaws i n   t h e  mode l  ha rdware  o r  s l i gh t  e r ro r s  i n  the  
a n a l y s i s .  T h u s ,  t o  o b t a i n  t h e  f i n a l  v a l u e ,  t h e  t h r o a t  Mach numbers i n d i c a t e d  
by a l l  a v a i l a b l e  s ta t ic  t a p s  were averaged. 
I n l e t  f l o w s  c a l c u l a t e d  u s i n g  t h i s  method were c o r r e c t e d  t o  f a n  f a c e  
c o n d i t i o n  as follows: 
a = correc t ion  fac tor  compensa t ing  for  losses  through vehic le  
s t r u t s  (a = 0.986 from previous test r e s u l t s )  
rl = measured i n l e t  r e c o v e r y ,  
- 
PTrake’PTo 
The p red ic t ed  f an  f ace  f lows  were then compared to  the  vehic le  f lowspeed  
r e l a t i o n s h i p  as a check on the flow measurement procedure. 
Wall Mach numbers were ca lcu la ted  f rom the  s ta t ic  pressure  measurements  
fo r  each  o f  t he  conf igu ra t ions  a t  each  of  the  fan  speeds.   Figure 7 shows a 
typical comparison of predicted and measured w a l l  Mach numbers a t  t h e  i n l e t  
d e s i g n  t h r o a t  Mach number, 0.72. These r e s u l t s  were used t o  i n f e r  t h e  one- 
dimensional ,  average throat  Mach numbers. The t h r o a t  Mach number‘s ve r sus  
pe rcen t  co r rec t ed  speed  were shown i n  F i g u r e  6. 
The r e c o v e r y  f a c t o r s  f o r  t h e  i n l e t s  were determined from the total  
pressures  measured with the twenty element  radial  rake located in  the instru-  
mentation  spool.  The r ecove ry  fo r  t he  hybr id  in l e t  w a s  g e n e r a l l y  t h e  same 
bo th  wi th  and  wi thou t  t he  in l e t  t u rbu lence  sc reen .  The r a k e  t o t a l  p r e s s u r e  
prof i les  f rom which  the  recovery  fac tors  were c a l c u l a t e d  are p r e s e n t e d  i n  
F i g u r e  1 6  f o r  t h e  a c c e l e r a t i n g  and hybrid configurat ions a t  t h e  two h ighes t  
speeds. The d a t a  a t  94% f a n  s p e e d  i n d i c a t e  c o n s i s t e n t l y  h i g h e r  t o t a l  p r e s -  
su re s  and  the re fo re  h ighe r  r ecove ry  fo r  t he  h igh  Mach number i n l e t  when t h e  
hardwall  panels  are i n s t a l l e d  t h a n  w i t h  t r e a t m e n t  l i n e r s .  A t  97.5% fan speed 
t h e  p r o f i l e s  c r o s s  a t  approximately 1.2 cm (0.47 in . )  f rom the  w a l l  s u c h  t h a t  
t h e  r e s u l t i n g  a v e r a g e  t o t a l  p r e s s u r e  and l ikewise  the  ca lcu la ted  recovery  
were about  the  same. The p r e s s u r e  levels of t h e  a c c e l e r a t i n g  i n l e t  were 
lower along the w a l l  a l so  sugges t ing  loca l  shocks  nea r  t he  w a l l  f o r  t h i s  
speed. 
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Figure 16. High Mach Number Inlet Rake Total Pressure Profiles. 
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T h e  a i r f l o w  - speed  r e l a t ionsh ip  shown p r e v i o u s l y  i n  F i g u r e  4 is based 
o n  the s ta t ic  pressure  measurements  and  the  ca lcu la ted  recovery  fac tor .  The  
co r rec t ed  EI.ow der ived  f rom the  f low funct ion  for  the  one-d imens iona l ,  
ave rage  th roa t  Mach number w a s  a d j u s t e d  by these  r ecove ry  f ac to r s  as  w e l l  as 
by t h e  e m p i r i c a l  s t r u t  l o s s  f a c t o r  ( f r o m  p r e v i o u s  tests) i n  o r d e r  t o  d e t e r m i n e  
the  co r rec t ed  f low a t  t h e  f a n  f a c e .  The flows agree very w e l l  w i t h  t h e  
ca l ib ra t ion  cu rve  wh ich  w a s  determined by previous aerodynamic tests w i t h  a 
flow measuring bellmouth in  conjunct ion  wi th  the  compressor  manufac turer ' s  
c a l i b r a t i o n   d a t a .  
Measurements of flow turbulence were made i n s i d e  t h e  i n l e t  o f  t h e  test  
v e h i c l e  t o  assess the  sever i ty  of  the  turbulence  impact ing  the  fan  ro tor .  
Th i s  w a s  accomplished by radial ly  t ravers ing a two-dimensional "X" a r r a y  h o t  
f i l m  probe (TSI Model 1240-60) upstream of t h e  f a n  r o t o r  as shown i n  F i g u r e  
1 7 .  A s k e t c h  o f  t h e  p r o b e  t i p  and  0.64 cm probe support  is  i n c l u d e d  i n  
F igu re  18. The two p robe  e l emen t s  p rov ided  tu rbu len t  ve loc i ty  da t a  in  the  
a x i a l  a n d  c i r c u m f e r e n t i a l  d i r e c t i o n s .  The probe operates  on a h e a t  t r a n s f e r  
p r i n c i p l e  s u c h  t h a t  as t h e  mass f l u x  ( p v )  varies a t  the  measu r ing  s t a t ion ,  
h e a t  t r a n s f e r  t o  t h e  f l u i d  varies p ropor t iona l ly .  Th i s  hea t  t r ans fe r  change  
r e s u l t s  i n  a vol tage s ignal .  Measurements  were t a k e n  c l o s e  t o  t h e  r o t o r  i n  
o r d e r  t o  o b t a i n  t h e  t u r b u l e n c e  c h a r a c t e r i s t i c s  i n j e s t e d  by t h e  r o t o r .  The 
probe w a s  pos i t i oned  c i r cumfe ren t i a l ly  such  tha t  i t  would  be  outs ide  the  
wake o f  t he  cen te rbody  suppor t  s t ru t s .  
A block diagram of  the hot  f i lm probe data  acquis i t ion equipment  is 
shown i n  F i g u r e  1 9 .  S i g n a l s  A and B from the two p r o b e  t i p  s e n s o r s  were 
measured by the two TSI Model 1054A anemometer u n i t s ,  w h e r e  t h e  s i g n a l s  were 
ampl i f i ed  and  l i nea r i zed .  These  s igna l s  were then added and subtracted in  
t h e  TSI  Model  1063 sum a n d  d i f f e r e n c e  u n i t .  The probe w a s  o r ien ted  such  
t h a t  a x i a l  v e l o c i t y  w a s  p r o p o r t i o n a l  t o  t h e  mean va lue  of  the  (A + B) 
s i g n a l ,  w h i l e  t h e  t r a n s v e r s e  ( c i r c u m f e r e n t i a l )  v e l o c i t y  w a s  p r o p o r t i o n a l  t o  
t h e  (A - B )  s i g n a l .  
Requirements for frequency response to zero Hertz made i t  necessa ry  to  
r e c o r d  t h e  d a t a  DC-coupled. A technique was thus  r equ i r ed  to  remove t h e  
s t e a d y  DC vo l t age  f rom the  raw h o t  f i l m  A + B s i g n a l  t o  p r e s e r v e  good 
s igna l - to-noise  ra t io  on  tape .  This  DC suppression w a s  accomplished  by a 
two s t e p  p r o c e s s .  F i r s t  t h e  A + B s i g n a l  was passed through a TSI  Model 
1057 s igna l  condi t ioner  where  an  in teger  number of v o l t s  were s u b t r a c t e d  
f rom the  s igna l .  The  remain ing  f rac t iona l  DC v o l t a g e  w a s  t hen  sub t r ac t ed  by 
a bat tery-potent iometer   setup.  Hence the  s igna l  recorded  on  tape  w a s  
e s s e n t i a l l y  AC information,  which retained frequency response to  zero 
Hertz.  
S ince  the  s t eady  DC v o l t a g e  w a s  removed be fo re  r eco rd ing ,  bu t  w a s  
r e q u i r e d  f o r  mean v e l o c i t y  c a l c u l a t i o n s ,  two d i g i t a l  v o l t  meters were used 
t o  r e a d  t h e  mean va lues  o f  t he  r a w  A + B and A - B s igna l s  on - l ine .  RMS 
va lues  of t h e s e  two s i g n a l s  were a l so  r ead  us ing  TSI Model 1060 RMS v o l t  
meters. Model  122 NEFF l i n e a r  DC a m p l i f i e r s  were used  ahead  of  the ' tape  
r e c o r d e r  t o  b o o s t  s i g n a l s  t o  a level which would provide good signal-to- 
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Figure 17. Hot F i l m  Probe Installation in Test Rig. 
Figure 18. Hot Film  Probe Assembly. 
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Figure 19. Block Diagram of Hot F i lm Probe Instrumentation Setup. 
n o i s e  r a t i o  on tape. An o s c i l l o s c o p e  w a s  u sed  to  mon i to r  t he  s igna l s  j u s t  
ahead of recording on the FM Bell & Howell 14-track tape recorder .  
F ive  minutes  of  ho t  f i lm probe  da ta  were reco rded  fo r  each  da ta  po in t  i n  
o r d e r  t o  p r o v i d e  s u f f i c i e n t  r e c o r d  l e n g t h  f o r  s t a t i s t i c a l  r e p e a t i b i l i t y .  I n  
add++!on to turbulence data ,  one minute  of a c o u s t i c  d a t a  from the n i n e  f a r -  
f ie ld  microphones w a s  recorded a t  e a c h  d a t a  p o i n t .  T h i s  f a r - f i e l d  sound 
informat ion  was recorded with the hot f i lm probe conipletely removed from t h e  
flow. 
The axial  in t eg ra l - l eng th  scale was determined by: 
and t h e  t u r b u l e n c e  i n t e n s i t y  components were determined by: 
m /- 
A x i a l   I n t e n s i t y  = - = - 
U 
- 
U 
T r a v e r s e   I n t e n s i t y  = - - - - 
U U 
Where: R x x ( ~ )  i s  t h e   a u t o c o r r e l a t i o n   f u n c t i o n  
T 
To is t h e  minimum time de lay  r equ i r ed  fo r  t he  au tocor re  
l a t ion  func t ion  to  r each  ze ro .  
The ope ra t ions  ind ica t ed  by these  equa t ions  were done by means  of a d i g i t a l  
Time Data F a s t  F o u r i e r  a n a l y z e r  f o r  a 0 t o  200 Hz tu rbu lence  spec t r a l  r ange .  
This  range w a s  adequate  because the relative turbulent energy above 50 Hz w a s  
neg l ig ib l e ;  t he  r e su l t i ng  bandwid th  r e so lu t ion  w a s  0 .1  Hz. 
5.3  TEST  PROGRAM 
5.3.1 Acoustic 
The  acoustic  test  program  consisted  of  a  series  of  tests  with  cylindri- 
cal inlets  and  a  series  of  high  Mach  number  hybrid  inlet  tests.  The  treat- 
ment  configurations  and  speed  points  run  for  these  tests  are  summarized  in 
Table  I11  for  the  cylindrical  inlets  and  Table  IV  for  the  high  Mach  inlets. 
In  addition,  measurements  were  taken  with  the  spinning  mode  probe  for  three 
configurations,  as  summarized  in  Table V. 
The  turbulence,  and  related  acoustic  measurement,  aspect  of  the  test 
program  consisted  of  testing  three  inlet  configurations,  each  with  and  with- 
out  an  inlet  screen.  The  three  inlets  tested  were  the  hardwall  cylindrical, 
accelerating,  and  single-phase  hybrid  configurations.  Three  speed  points 
(74%, 89%, and 94%) were  run  for  each  of  the six configurations. 
5.3.2 Aerodynamic 
Aerodynamic  performance  measurements  were  taken  for  the  accelerating 
hardwall  and  hybrid  single  phase  configurations,  as  indicated  in  Table  IV. 
Hot  film  probe  measurements  of  mean  flow  turbulence  intensity  were  taken 
during  the  turbulence  test  program  for  the  six  configurations  mentioned 
previously,  in  conjunction  with  the  acoustic  data. 
5.4  ACOUSTIC  DATA  SCALING 
Although  the  primary  interest  in  the  acoustic  data  is  for  the  actual 12 
inch  diameter  size,  meaningful  comparisons  of  interest  to  design  engineers 
require  that  the  data  be  also  presented so as  to  be  representative  of  a 
typical  full  size  vehicle.  In  particular,  comparisons  involving  the  PNL  unit 
are  meaningful  only  when  the  data  are  scaled,  and so where  pertinent,  this 
has  been  done  for  the  data  presented  in  Section 6 .  For  this  purpose,  the 
full  size  vehicle  assumed  as  being  representative  consisted  of  the  key 
parameters  listed  in  Table  VI,  with  the  actual  test  vehicle  (mbdel)  param- 
eters  shown  for  direct  comparison.  Sound  levels, L, were  scaled  by: 
LFS = LM + IO log (WFS/WM) 
and,  frequencies, f, were  scaled  by: 
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Table 111. Cylindrical  Inlet  Acoustic Test Points. 
1. HARDWALL 
a. SINGLE: PHASE 
3. PllASED (ABC) ’ 
4. PRASED  (CBA) 
5. PHASED  (DEI) 
6. PHASED  (PED) 
7.  PHASED  (BAC) 
8. PIWSED  (CAB) 
9. PHASED  (ADF) 
10. Yt(ASED  (BAF) 
11.  PHASED (AAF) 
12. P I U S E D  (AM) 
13. P I U S E D  (AAC) 
1 4 .   P t U S E D  (EAC) 
15. PllASED  (AEC) 
16. H A R D W A L L  (REP.) 
l l .  PHASED (AN3) 
18. PHASED (AM) 
19. &uiYrlAu, (REP.) 
!tJ. PIUSED (CAE) 
e 
[. . . . .I. :..L . 
H H H 
-~ 
~ 
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X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
- 
Percent Stage Speed, % A FC 
-
69 74 
x x  
x x  
x x  
x x  
x x  
X X 
x x  
x x  
x x  
x x  
x x  
x x  
x x  
x x  
X 
X 
X 
- 
x x  
X - 
- X 
- X 
- 
79 - 
X
X
X
X
X
X 
X
X
X
X
X
X
X
X
X 
X 
X
X 
X 
X 
- 
89 , 94 
x x  
x x  
x x  
x x  
x x  
x x  
x x  
x x  
x x  
x x  
x x  
x x  
x x  
x x  
x x  
x x  
x x  
x -  
x x  
x x  
1 
Other 
43 
Table IV. High Mach Inlet Acoustic Test  Points. 
DUCT LINER CONFIGUILZTIOXS 
n o r  
Percent  Stage  Speed, % N P 
COaYPIGURATION “---+ c” 
SOUND 97.5 94 91 89 79 74 
21. H A R D W A L L  -. X 
X X X X X X 
X X X X X H If I1  
A A A  
22. SINGLE PIIASE 
fJ A . J *  23. PHASED (CAB) 
X X X X X X 
X X X X X X 
24. PHASED  (CAE) 
Table V. Mode  Probe Acoustic  Test Points (Cylindrical Inlet). 
I CoNFIGURATION DUCT LINER CONFIGUMTIOXS 
I FLOW SOUND 
H H H 
25. HARDWALL 
26. SINGLE PHASE 
Percent Stage 
Speed, % N~ 
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l- 
I 
79 89 
Mode  Probe  Position 
TRL\TUEST 
SECTIOX 
Table V I . .  Scal ing  Parameters .  
Parameter 
Design Fan Tip Speed 
- 
Fan Diameter 
Design Rotational Speed 
Design Flow 
Number of Blades 
- 
Model 
396.5 m/sec 
(1301 .f t/sec) 
30.5 cm (12 inch) 
24,847 rpm 
11.9 kg/sec 
(26.3 lbm/sec) 
19 
Typical  High 
Bypass  Fan 
396.5 m/sec 
(1301 f t/sec) 
180.3 cm (71  inch )  
4,200 rpm 
426.0 kg/sec 
(940.5 lbm/sec) 
28 
where: D = Vehicle diameter 
B = Blade number in the rotor 
Subscripts: FS = Full  scale 
M = Model 
A1.1 dimensional data and vehicle rpm's are quoted only for the actual (model) 
test vehicle.  
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SECTION 6.0 
RESULTS  AND  DISCUSSION 
~ - = ” - - ”_ 
This  section  presents  the  results  of  the  analytical  and  experimental 
work done  toward  meeting  each  of  the  three  principal  objectives.  Because of 
its  importance in the  analytic  prediction  of  suppression,  the  results  of  the 
measurement  of  the  acoustic  modes  in  the  inlet  are  presented  and  discussed 
first.  Next,  the  results  of  the  tests  of  the  cylindrical  inlet  are  given, 
followed  by  the  comparison  of  the  predicted  (by  ACTAMD)  versus  measured 
suppression  for  those  cases  for  which  the  analysis  could  be  performed  suc- 
cessfully.  Then,  the  experimental  results  are  present‘ed  and  discussed for 
the  high  Mach  inlets  and  for  the  turbulence  study. 
6.1 @ALYSIS  OF -__ SPINNING  MODE  ER2B-E  RESULTS 
6.1.1 Determination  of  Modal  Information  for  Use  in  ACTAMD 
Spinning  mode  measurements  were  performed  for  two  different  inlet  con- 
figurations,  first  in  a  duct  with  hardwall  panels  in  place  of  treatment  with 
the  mode  probe  on  the  rotor  side  (downstream)  of  the  treatment  location,  and 
second  in  a  treated  duct  with  the  mode  probe  located  on  the  inlet  side  (up- 
stream)  of  the  treatment. The  measurements  were  performed  at  three  operating 
speeds,  44%, 79%,  and 89%. The  measurements  were  made  at  one  radial  posi- 
tion,  using  the  circumferentially  traversing  mode  probe  apparatus  described 
in  Section 5.2.1. 
The  experiment  was  exploratory  in  nature,  aimed  at  providing  information 
about  the  feasibility  of  the  method  under  conditions  of  airflow  Mach  number 
and  fan  tip  speeds  typical  of  aircraft  turbofans. A detailed  description  of 
the  modal  measurement  experiment  and  results  can  be  found  in  Reference 14. 
The  spinning-mode  probe  data  reduction  consists  of: (1) the  calcula- 
tion  of  cross-spectra  between  probe  and  reference  signals  for  a  large  number 
of  angular  positions, (2)  the  plotting  and  smoothing  of  the  cross-spectrum 
magnitude  and  phase  versus  angle  for  a  number  of  chosen  frequencies,  and 
( 3 )  the  Fourier  analysis  of  the  resulting  complex  functions  of  azimuth 
expanding  them  into  component  spinning  modes.  The  cross-spectrum  calcula- 
tion  was  accomplished on a Time/Data  Fast  Fourier  Analyzer  System. 
Results  of  the  modal  measurements  for  the  hardwall  configurations  at 
44% speed  blade  passing  frequency  and  second  harmonic  and  for  the 79% sp ed 
blade  passing  frequency  are  presented  in  Figures 20 to 25. These  include 
the  complex  acoustic  pressure  profiles  and  their  expansion  into  spinning 
modes.  Tyler-Sofrin  rotor-stator  interaction  theory  (Reference 7) predicts 
the  excitation  of  modes  with  circumferential  mode  orders  given  by 
47 
4 
X 
200 
100 
m 
al 
al 
k 
M 
$ 0  .. 
al m 
crl 
L: 
PI 
-100 I 
I I  j. 
-200 I 1 A 
-40 
a 
‘D 
al a 
- -50 
0 30 60 90 120 150 180 210 
Circumferential Angle, 
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,. m = 
where 
. m =  
. n  = 
. B =  
., . k  = 
. v =  
spinning-mode order 
imrmonii number 
number  of b l a d e s  
a r b i t r a r y  p o s i t i v e  o r  n e g a t i v e  i n t e g e r  
number of vanes 
. .  
I n  a d d i t i o n  t o  t h e  s p i n n i n g  modes which are predicted,  account must be taken 
of those modes which are cut-on and cut-off,  that  is, which propagate 
una t t enua ted  o r  decay  exponen t i a l ly  in  a hardwalled duct .  A t  t h e  b l a d e  
pass ing  f requency  f i r s t  harmonic  (n  = 11, the following spinning-mode 
o rde r s  ( l e s s  t han  30 )  would be  p red ic t ed :  
a )  Rotor/OGV I n t e r a c t i o n  
V = 26, m = -7 . .  
b)  Upstream-Strut-Rotor  Interaction 
V = 5, m = 29,  24,  14,  9, 4, -1, -6, -11, -16,  -21, -26 
A t  the second harmonic of blade passing frequency (n = 2) ,  t he  fo l lowing  
orde,rs would be predicted: 
a)  V = 26, -m = 12,  -14 . 
b )  V = 5, m = 28,  23, 18, 13, 8, 3,  -2,  -7,  -12,  -17,  -22, -27 
The p o s s i b i l i t y  t h a t  t h e  a c o u s t i c  wave may b e  s c a t t e r e d  by the upstream 
s t r u t s  i n t o  o t h e r  modes i s  not  taken  in to  account  by the Tyler-Sofr in  ana- 
l y s i s .  
I n  t h e  modal  expansion of  the blade passing frequency a t  44% speed 
(Figure 21) ,  i t  i s  s e e n  t h a t  t h e  +8, +4,  and -7 order  sp inning  modes pre- 
dominate. The -1, 23, and -6 modes are a l s o  in evidence. The m = -7 ,  -6, 
-1, and +4 modes are p red ic t ed  by i n t e r a c t i o n  t h e o r y ,  b u t  t h e  +8 and 23 
modes are not.   Thus,  a l l  the lower order  modes p r e d i c t e d  t o  b e  p r e s e n t  up 
through the  e ighth  order  are p resen t .  The m = +9 mode is p red ic t ed ,  bu t  
t h i s  mode should be cut-off  . 
' The modal amplitudes measured for the second harmonic a t  44% speed, 
(Figure 23) are dominated by t h e  -7 and +8 o rde r  sp inn ing  modes; t h e s e  are 
p red ic t ed .  O the r  p red ic t ed  modes which are p r e s e n t  a t  r e l a t i v e l y  low 
l e v e l s  are t h e  +3, -14,  -17,  and +18 o rde r  modes (cut-off occurs between m 
= 1 7  and m = 18). Unpredicted modes which make s i g n i f i c a n t  c o n t r i b u t i o n s  
are. t h e  m = k6, and k l l  o rde r  modes. 
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The  modal  expansion  for  blade  passing  frequency  at 79% speed  (Figure 
87) shows  the  signal is clearly  dominated  by  the  unexpected m = -12  spinning 
modc. The +7 modes  are  strongly  in  evidence,  but  only  the -7 is  expected, " 
indicating  possible  scattering  by  the  struts.  Similar  behavior  occurs  for 
t t w  + 6 ,  _+9, and  fll  order  modes.  The m = -1  and +16 order.  modes  are  pre- 
dicted,  and  contribute  at  somewhat  subdued  levels.  Orders  above  the  six- 
teenth  are  cut-off. 
.. . , . 
, .  . , .  . 
In  general,  the  above  comparison  shows  some.evidence  of  modes.present 
which  are  not  predicted  by  interaction  theory,  and  also  evidence  of  scattering 
by  the  struts.  The  measurement  indicates  that  modes  which are' cut-off  have 
decayed  sufficiently  to  contribute  very  little  to  the  pattern. . .  . ,  < ' " , ,  , .  . - ,  . ; .  - I  
, .  . .  : . ;, I " . .; I ,  ' >  . , .. , .  . .  . .  , .  : . !, . . .  
The  mode-probe  tests  on  the  hardwall;  configuration  were  accompli'shed . ' 
. 1 ... ') . - 
with  one  of  the  four  rotating-probe  elements  inoperable.  This'required  the 
probe  to  be  .rotated  through  an  angle  of  180"  to'obtairi  data  'over  the  full 
360" arc.  Two  of  the 90" segments  were  covered  twice  by  different  probes, 
as shown  in  Figure  26.  The  redundant  data  from  the  regions  covered  by  two 
different  probes  were  reduced  and  compared  to  the  original data,for a 
number  of  cases. 
I . . 
Figure  27  shows  a  particular  case  of  the  comparison  between  data  mea- 
sured  by  two  different  probes  over  the  same  arc,  in  the 44% speed  blade 
passing  frequency  case.  It  is"noted  that  b'oth  the  magnitude and"phase ' '  . "' 
curves  agree  in  general  pattern,  although  differences  as  high  as 10 dh 5n2'.' 
magnitude  and  up  to 180 degrees  in  phase  occur  for  certain  ang,les.  Similar 
results  are  obtained  at 79% BPF  and 44% second  harmonic. 
. , .  . 
, . .  . 
. i  
- .  , /  
Examination  of  the  modal  measurement  data  acquired  at  89%  speed  in  the 
hardwall  duct  indicated a lack of.data repeatabillity  (see  Reference 14). In 
this  case,  the  rotor  tip  speed is supersonic,  and  it  is  suspected  that  the- 
frequency  modulation  between  BPF  and  the  MPT's  cause  the  generation  mecha- 
nism to be  non-stationary,  as  far  as  the  modal  measurement  method is c n- 
cerned.  Low  signal-to-noise-ratio  tape  recorder  problems  were  encountered 
for  the  modal  measurements  taken i the  treated'configurations, so tha.t  .this 
data  was  not  analyzed  in  detail. : '  . .  ... . - \. . 1 ,  . . 
. .  , ,  
There  is  also  a  question  of  whether  the  m0d.e-probe rakk might have.. : I :. 
affected  the  data.'  This .question,wa.s' investigated  by  Posey(l5):  using. the,' 
mode  probe  apparatus  in  the  configuration  shown  in  Figure 2 8 ,  a  signal . . .  
enhancement  procedure  was  applied  to  the  signal  from  a  wall-mounted  micro- 
phone  as  the  mode  probe  was  traversed  circumferentially  in  discrete teps 
over  an  arc  of  270";  the  variation in signal  magnitude  (up  to 10 dB)  and, . 
phase  (up  to 80 degrees). at  the  wall-mounted  microphone  as  the  mode  probe'. 
changes  position  indicates,  as  shown.  in  Figure  29,  that there-could have'. 
been  an  effect  by  the  probe  rakes on the  acoustic  field.. 
. . , .  
.. . , . .  . ,  
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A more  extensive  series  of  tests  is  required  before  definite  conclusions 
c.an bedrawn about  the  repeatability  of'  the  in-duct,  immersed  probe  method 
of modal-measurement.  Attention  should  be  payed  not  only  to  the  repeatability 
of the  complex  pressure  profile  (cross-spectra)  itself,  but  also  to  the 
variation in expanded  spinning  mode  content,  and  how  this  variation  affects 
predicted  suppression  results. 
6.2  CYLINDRICAL  INLET 
Comparisons  of  the  suppressions  obtained  with  the  treatment  configura- 
tions  defined  in  Table  I11  are  presented in Figures  30  to 32; the  phased- 
treatment  inlet  suppressions  (relative  to  the  hardwall  baseline)  are  sum- 
marized  on  the  basis  of: ' (1) blade  passing  frequency PWL, (2) OASPL  at 5 0 ° ,  
and  (3)  OAPWL.  None of the  phased-treatment  combinations  excels  at  all 
speeds,  but  three  consistently  produced  less  suppression  than  the  other 
combinations:  these  were  No.  5  (DEF),  No. 6 (FED)  (the  configurations  with 
low  resistance  liners)  and  No.  12  (AM),  the  only  configuration  with  only 
two  softwall  liners. Most of  the  remaining  phased-treatment  combinations 
produced  equally  good  suppression  and,  on  the  basis  of  OASPL  and  OAPWL, 
produced  more  suppression  than  the  single-phase  configuration  No.  2 (AAA). 
A s  would  be  expected,  the  single-phase  liner  (designed  for  the  113  octave 
band  containing  blade  passing  frequency  over  the  vehicle  speed  range f om 
74% to 89%) provided  more  suppression of  the  blade  passing  tone.  The 
phased  combinations,  with  the  exception  of No. 17 and No. 18, had  only  one 
of  the  three  panels  tuned  to  the  BPF. A s  defined  by  any  of  these  three 
measures,  panel  order  had  no  significant  effect  upon  the  suppression. 
6.2.1  Basic  Experimental  Data 
Six  of  the  phased-treatment  combinations  generally  performed  equally 
well;  these  were: No. 4(CBA), No. 8 (CAB),  No. 9 (ABF),  No. 10 ( B A F ) ,  No. 
11 (AAF),  and No. 13 (AAC).  O f  these, No. 8 was  selected  as  a  representa- 
tive  phased  liner  combination  for  the  comparisons  discussed  in  the  following 
paragraphs. 
The  113  octave  sound-power-level  spectra  for  the  hardwall,  the  single 
phase,  and  a  representative  phased  (No. 8) configurations  at  the 74% fan 
speed  are  presented  in  Figure  33.  The  suppression  attained  with  the  single- 
phase  liner  at  this  speed  for  the  four  113  octave  bands  immediately  below 
the  BPF  band  was  between 8 and  9  dB,  and  9.5  dB  at  BPF.  The  maximum  sup- 
pression  measured  for  the  phased  liner,  on  the  other  hand,  was  15  dB, 
occurring  six  113  octave  bands  below  BPF,  while  about  7  dB  reduction  of  the 
BPF  power  level  was  attained.  The  large  reduction  of  low  frequency  noise 
with  phased  treatment  occurred  at  all  angles.  Slightly  more  suppression  was 
achieved  with  the  single-phase  treatment  at  BPF  than  with  the  phased  treat- 
ment,  but  the  loss  was  modest  considering  that  the  single-phase  design  was 
tuned  solely  to  BPF,  while  the  multi-phase  design  had  only  one  of  three 
liners  tuned  to  BPF. 
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Figure 33. Representative Phased-Treatment Sound Power Level at , 
74% N F ~ .  
The Perceived Noise Levels were l a r g e l y  c o n t r o l l e d  by the second 
harmonic   and   ad jacent   bands .   Par t icu lar ly   s ign i f icant   for   the   s ing le-phase  
t reatment  w a s  the band immediately above tbe second harmonic, i n  which the 
power level was about 5 dB above the levels of t h e  o t h e r  two conf igu ra t ions .  
The increased OASPL's (Figure  34)  and PNL's (Figure 35) f o r  t h e  s i n g l e  
phase, from 60" t o  80° ,  were due t o  t h e  h i g h  n o i s e  levels i n  t h i s  one  band. 
A t  a l l  of the more-forward angles the OASPL and PNL f o r  t h e  two t r e a t e d  
conf igu ra t ions  were n e a r l y  t h e  same. The maximum levels f o r  b o t h  t h e  
hardwall   and  the  phased (No. 8)   conf igura t ions   occur red  a t  50". Reductions 
of 5 . 2  dB  OASPL and about 4 PNdB relative t o  t h e  h a r d w a l l  were measured a t  
t h i s  a n g l e .  
A comparison of the hardwall and the single-phase narrowband (50 Hz 
bandwidth) spectra a t  50' is  presented  in  F igure  36. A t  f r equenc ie s  up t o  
and including the second harmonic,  the uniform treatment has produced sub- 
s t a n t i a l  s u p p r e s s i o n .  However,  between the  second  and  third  harmonics ,   the  
broadband leve l  of  the  s ing le-phase  conf igura t ion  has  increased  above  tha t  
of the  hardwal l ,  and  an  unident i f ied  tone  is present .   Al though  the  cause is 
unknown, s e v e r a l  i m p o r t a n t  c h a r a c t e r i s t i c s  of t he  inc reased  no i se  were 
de termined   f rom  addi t iona l   nar rowband  resu l t s .   F i r s t ,   the   f requency   of   the  
tone increased as t h e  fan speed  increased;  in  fac t ,  the  f requency  of t h e  
tone between 44%  and  79% fan  speed  appea red  to  inc rease  l i nea r ly  wi th  the  
v e l o c i t y  of the  f low  over   the  t reatment .   Second,   the phenomena were observed 
whenever two "A" panels  were i n s t a l l e d  i n  a d j a c e n t  p o s i t i o n s .  An a d d i t i o n a l  
obse rva t ion  w a s  t h a t ,  a t  the  h igh  f requencies  in  ques t ion ,  the  1 /3-oc tave  
l e v e l s  were based  pr imar i ly  on t h e  level of the broadband noise ,  not  the 
tone. The n o i s e  i n c r e a s e  t h u s  a p p e a r s  t o  b e  d u e  t o  some unique  geometric 
p r o p e r t i e s  of t h e  "A" i n l e t  l i n e r s .  
The sound power spectra a t  89% fan speed are p resen ted  in  F igu re  37. 
Multiple-pure-tones (buzzsaw noise) dominate the spectra a t  th i s  speed .  
Large power l e v e l  r e d u c t i o n s  were achieved through the MPT-dominated f r e -  
quencies   with  both  t reatment   configurat ions.   Phased  t reatment   produced more 
low-f requency  suppress ion ,  re la t ive  to  the  s ing le-phase ,  a t  t h i s  s p e e d  
similar to  the  behav io r  obse rved  a t  lower  speeds. A maximum 1/3  oc tave  
r educ t ion  of 15.5 dB w a s  a t t a ined  wi th  un i fo rm t r ea tmen t  i n  the  800* Hz 
band while a maximum of 18 dB w a s  ach ieved  in  the  630" Hz band with the 
typ ica l  phased  t rea tment .  The BPF w a s  reduced by j u s t  o v e r  8 dB w i t h  
phased  t reatment ,   about  2 dB less than  with  uniform  treatment.  The lower 
OASPL (Figure  38)  and PNL (Figure 39)  values  for  the phased t reatment  are 
due t o  t h e  d i f f e r e n c e s  o b s e r v e d  i n  t h e  4000" Hz and 5000* Hz bands. A t  50" 
8.5 dB  OASPL and 6 PNdB reduc t ion  were achieved with the phased treatment.  
I n  summary, t h e  e f f e c t s  of the phased treatment re la t ive t o  uniform 
t r ea tmen t ,  as t e s t e d  i n  t h i s  program, were: (1)  the  phased  treatment  pro- 
v i d e d  s u b s t a n t i a l l y  more suppression,  10 dB  PWL o r  more, i n  t h e  low f r e -  
quency  range  (peaking i n  t h e  v i c i n i t y  of D/A of 1.1 t o  1 . 4 ) ;  a n d ,  (2 ) ;  
"Ful l -scale  f requency.  
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al though two  of t h e  t h r e e  l i n e r s  t u n e d  t o  t h e  b l a d e  p a s s i n g  f r e q u e n c y  were 
r e p l a c e d  w i t h  l i n e r s  t u n e d  t o  l o w e r  f r e q u e n c i e s ,  t h e  l o s s  o f  s u p p r e s s i o n  i n  
t h e  BPF 1 /3  oc tave  band was g e n e r a l l y  less than 20% (i .e. ,  a l o s s  g e n e r a l l y  
less than 2 dB o u t  of l o ) .  
The e f f e c t  upon 1/3 octave sound power s p e c t r a  as a r e s u l t  of changing 
t h e  l i n e r  f a c e p l a t e  p o r o s i t y  f r o m  1 0 %  t o  25% i n  a l l  th ree  pane l s  is shown i n  
Figure  40  for  74% rpm and i n  F i g u r e  4 1  f o r  89% rpm; t h e s e  d a t a  are f o r .  
c o n f i g u r a t i o n s  No. 3 (ABC) of 10% porosity and No. 5 (DEF) of 25% p o r o s i t y ,  
both of. which are ramped i n  t h i c k n e s s  w i t h  t h e  t h i c k e s t  p i e c e  a d j a c e n t  t o  
t h e  r o t o r .  The f i g u r e s  show t h a t  a t  both  speeds ,  g rea te r  suppress ion  was 
obta ined  wi th  the  lower  poros i ty ;  th i s  advantage  ex tended  over  a lmost  the  
en t i r e  f r equency  r ange '  o f  i n t e re s t .  S imi l a r  r e su l t s  were obtained when t h e  
sequence  of  the  pane l  th icknesses  w a s  reversed as i n  C o n f i g u r a t i o n  4 (CBA) 
and 8 (FED). With  regard t o  t h e  1 / 3  o c t a v e  band con ta in ing  BPF, Table V I 1  
summarized t h e  r e s u l t s  f o r  t h e s e  c o n f i g u r a t i o n s  a t  74,  79,  89,  and 94% rpm. 
The t a b l e  shows t h a t  t h e  b e n e f i t  f rom the lower porosi ty  case occurs con- 
s i s t e n t l y  a t  a l l  speeds and regardless  of whether  the  pane l  cav i ty  depth  was 
ramped wi th  the  th i cke r  end  toward  the  ro to r ,  o r  v i ce -ve r sa .  
When only one of t h e  t h r e e  p a n e l s  w a s  changed from 10 t o  25% p o r o s i t y ,  
t he  change  in  suppres s ion  was smaller (as might be expected),  and i t  was now 
inconsis tent ;  sometimes more suppression was obtained and sometimes less,  
even  though  the  changes were small: t h i s  is shown q u a n t i t a t i v e l y  i n  T a b l e  
VIII. The ga in  occurred  only  when the change w a s  made i n  t h e  t h i c k e s t  p a n e l  
and when t h i s  p a n e l  w a s  c l o s e s t  t o  t h e  r o t o r .  
6.2.2  Comparison of Resu l t s  With P r e d i c t i o n s  
The computer program, ACTAMD, w a s  u sed  to  p red ic t  suppres s ion  us ing  the  
in-duct modal measurements as d e f i n e d  i n  S e c t i o n  6 . 1 . 2  t o  s p e c i f y  t h e  s o u r c e  
. c h a r a c t e r i s t i c s .  S i n c e  t h e  modal  measurement w a s  made a t  only one radius ,  
i t  was necessa ry  to  make an assumption with regard to  the content  a t  t h e  
sou rce  p l ane ,  namely t h a t  o n l y  t h e  least a t t e n u a t e d  r a d i a l  mode was p resen t .  
The source plane was t aken  to  be  in  the  ha rdwa l l  s ec t ion  d i r ec t ly  downs t r eam 
of  the  t rea tment .  Addi t iona l  assumpt ions  were t h a t  t h e  s p i n n i n g  mode con- 
t e n t  was una f fec t ed  by the  presence  of duc t  t r ea tmen t  and  tha t  t he  e f f ec t s  
o f  r e f l e c t e d  waves were n e g l i g i b l e .  The first-radial-mode-only  assumption 
s i m p l i f i e d  t h e  a p p l i c a t i o n  of t h e  modal measurement, s ince  the  measured  
value could be' a p p l i e d  d i r e c t l y  t o  one mode, r a t h e r  t h a n  d i s t r i b u t i n g  t h e  
energy i n  some f a s h i o n  among several modes. I n  t h e  n e x t  s e c t i o n ,  t h e  re- 
s u l t s  of a s e n s i t i v i t y  s t u d y  p r o v i d e s  some i n s i g h t  i n t o  t h e  e f f e c t s  of 
p a r t i c i p a t i o n  of h i g h e r  o r d e r  r a d i a l  modes.  The p r e d i c t i o n s  f o r  t h e  t r e a t e d  
duct  confirmed the assumptions that  the ampli tude of  backward t ravel ing 
waves a t  the  source  p lane  were small. 
I n  a d d i t i o n  t o  t h e  modal  inputs  to  the program, i t  i s  necessa ry  to  
provide the acoust ic  impedance of the  t rea tment  a t  t h e  wall; t he  da t a  p re -  
s e n t e d  i n  S e c t i o n  5 . 1 . 4  was used. The r e s u l t s  are c a l c u l a t e d  a t  d i s c r e t e  
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Table VII. Effect  of Changing Porosity  in A l l  Panels: One-Third 
Octave' PWL Suppression at BPF, dB. ,. 
Porosity Percent of Design Speed,.% NFC Configuration 
x 
3: 5 3 . 5  3 . 1  3 . 8  Difference 
4 .9  4.1 4 .3   3 .5  5 (DEF) 25 
8 . 4  ' 7 . 6  7 . 4   7 . 3  3 (ABC) 10 
94  89  79 ' 74 NO. (Panel) 
- - - -
10 
1.9 3 . 6  2.9  2 .0  
6 . 3  5 . 5  4 .9   5 .2  8 (FED) 25 
8 . 2 .  9 . 1  7 . 8  7 .2  4 (CBA) 
- - - .  
Difference 
- 
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. Table V I I I .  Effect of -Changing  Porosity  in One Panel Only:  One-Third 
Octave  PWL  Suppression  at  BPF, dB. 
- 
Porosity 
for  Panel Percent of Design  Speed, %NF 
X/Y/Z c . .. "" L I Configuration 
( X )  94 89  79 74 No. (Panel) 
10/1o/ao 8.8 7.8  8.1 7.7 7 (BAC) 
. 25/10/10 
1.4 0.7  2.2 0.6 Difference 
7.4 7.1 5.9 7.1 ' 14 (EAC) - - - - 
ao/10/10 8.4 7.6 7.4  7.3 3 (ABC) 
10/25/10 
1.7  1.6 2.0 0.7 Difference 
6.7 6.0  5.4 6.6 15  (AEC) - -- 
/ 
- 
10/10/10 9.1 8.1  7.9 8.0 8 (CAB) 
10/10/25 
1.1 1.3 1.9 0.8 Difference 
8.0 6.8  6.0 7.2 20  (CAE) 
1_1 - -- 
10/10/10 8.8  8.8  8.2 9.2 13  (AAC) 
10/10/25 
0.9 Difference 
8.6 9.9 8.8  8.3 11 
8.8 7.8 8.1 7.7 7 (BAC) 10/10/10 
0.2 -1.1 -0.6 
- - - -
10/10/25 8.8 8.7  8.7  8.1 10 (BAF) - - -- 
Difference 0 -0.9 -0.6 -0.4 
10/10/10 
7.9 8.5 8.1 9 (ABF) 10/10/25 
8.4 7.6  7.4  7.3 3 (ABC) 
-0.2 -0.3 -1.1 -0.8 Difference 
8.6 - - - 
. 
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f r e q u e n c i e s ,  u s i n g  t h e  c o n t i n u i t y  of> particle displacement boundary condi- 
t ion assumption.  
The a n a l y s i s  w a s  e x e r c i s e d  f o r .  'al l  treatment con.figurations which were 
tested,   but   numerical   problems were encountered.  Table IX summarizes  those 
configurat ions which were c a l c u l a t e d  s u c c e s s f u l l y  and those which were un- 
s u c c e s s f u l  ( a t  least for  one  spinning-mode  .order).   Note  that  a l l  those 
t rea tment  conf igura t ions  having  1ow.res i s tance  facepla tes  were unsuccessful .  
I 
. .  . 
The unsuccessful  cases were t r a c e d  t o  a problem with the occurrence of 
"double  e igenvalues ' '  ( two eigenvalues  with exact ly  the same va lue )  as 
determined by the eigenvalue-search algpri thm'  of the program.  These  double- 
e igenvalues  occur  when the  program,  s ta r t ing  f rom two ' d i f f e ren t  ha rdwa l l  
r o o t s  as i n i t i a l  estimates, follows integration conver,gence paths which lead 
t o  t h e  same f i n a l  v a l u e .  The n a t u r e  of t h i s  problem is more eas i ly  under - .  
stood from examination of t h e  complex mapping between ' the eigenvalue and 
w a l l  admittance  (Reference 16) .  The occurrence of a double-eigenvalue 
r e s u l t s  i n  a d iv i s ion  by  ze ro  a t  a f u t u r e  p o i n t - i n  t h e  c a l c u l a t i o n ,  .which 
abor t s  t he  run .  
The d i s c r e t e  f r e q u e n c y  p r e d i c t i o n s  f o r  a l l  t reatment  'configurat ions 
which  could .be  ca lcu la ted  successfu l ly  have  been  eva lua ted  re la t ive t o  
measured   fa r - f ie ld   1 /3-oc tave   da ta   for   th ree   cases :  44% speed BPF, 44% 
speed  second  harmonic,  and 79% speed BPF. Data f o r  t h e  44% speed BPF are 
p resen ted  in  F igu re  4 2 ;  the second harmonic data a t  44% speed are presented 
i n  F i g u r e  43; and ,  the  BPF d a t a  a t  79% speed are shown i n  F i g u r e  4 4 .  The 
measured data show 21 dB v a r i a t i o n ,  b a s e d  on an estimate of the approximate 
v a r i a t i o n  of t he  no i se  fo r  t he  ha rdwa l l  conf igu ra t ions ' .  
A t  44% speed blade passing frequency (Figure 42) , the agreement for 
t reatment  Configurat ions ABC, CAL, and AAC ii with'in the measurement accur- 
acy. Configurations AAA and AAH are overpredicted by about 50%. 
For  both the 44% second  harmonic  (Figure 4 3 )  and the  79% b lade  pass ing  
frequency  (Figure 4 4 )  cases, t h e r e  is a general  t rend toward underpredict ion 
of  the  measured  results.  Based  on the   s ens i t i v i ty   s tudy   wh ich   fo l lows ,   t he  
most p l a u s i b l e  e x p l a n a t i o n  f o r  t h i s  u n d e r p r e d i c t i o n  is t h e  n e g l e c t  of 
h ighe r -o rde r  r ad ia l  modes i n  t h e  s o u r c e  d e f i n i t i o n .  I n  b o t h  cases, t h e r e  is 
some i n d i c a t i o n  t h a t  t h e  a n a l y t i c a l  p r o g r a m  c o r r e l a t e s  w i t h  t h e  s u p p r e s s i o n  
t r end  of the  t rea tment  conf igura t ions ,  a l though the  d i f fe rences  among t h e  
measured   va lues   for   these  cases is no t   g rea t .   Unfo r tuna te ly ,   t he  low 
r e s i s t a n c e  l i n e r  c o n f i g u r a t i o n s ,  w h i c h  d i d  show s i g n i f i c a n t  d i f f e r e n c e s  i n  
measured suppression values ,  could not  be calculated due to  numerical  
d i f f i c u l t i e s .  
The d a t a  i n d i c a t e  t h a t  t h e  s i m p l i f y i n g  a s s u m p t i o n s  i n  t h e  a n a l y s i s  m u s t  
be  removed. I n   p a r t i c u l a r ,   t h e   s e n s i t i v i t y   s t u d y   i n   t h e   f o l l o w i n g   s e c t i o n  
i n d i c a t e s  t h a t  more complete radial  mode information is requ i r ed  to  ach ieve  
s i g n i f i c a n t  improvements. Also, i t  is p o s s i b l e  t h a t  t h e  e f f e c t s  of  boundary 
l a y e r s  must b e  i n c o r p o r a t e d  t o  a c h i e v e  s a t i s f a c t o r y  r e s u l t s .  
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Table IX. Occurence  of  Double  Eigenvalues in 
Suppression  Prediction  Calculations. 
Treatment  Panel 
Designation 
AAA 
ABC 
CBA 
DEF 
FED 
BAC 
CAB 
ABF 
BAF 
AAF 
AAH 
AAC 
EAC 
AEC 
AAB 
44% 
BPF 
DEV 
DEV 
DEV 
DEV 
DEV 
DEV 
DEV 
DEV 
DEV 
~ 
44% 
2nd  Harm. 
DEV 
DEV 
DEV 
DEV 
DEV 
DEV 
DEV 
79% 
BPF 
DEV 
DEV 
DEV 
DEV 
DEV 
DEV 
DEV 
T 
" 
. .  
$ Measured  Range , 
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D 
. .  . .  
I I I I I 
AAC CAB ABC AAA AAH 
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Figure 42. Comparison of Measured  and  Predicted  Suppressions, 44%' 
Speed,  Blade  Passing  Frequency. 
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Figure 4 4 .  Comparison of Measured and  .Predicted  Suppressions, 79% 
Speed,  Blade  Passing  Frequency. 
6 .2 .3   Sens i t i v i ty   S tud ie s  
The a n a l y t i c a l  program was used t o  s t u d y  t h e  s e n s i t i v i t y  of the pre-  
d i c t e d  s u p p r e s s i o n  t o  t h e  r e s i s t a n c e  of t h e  l i n e r s  and t o  the e f f e c t s  of 
radial-mode content. 
F igures  45 and 46 are p l o t s  of t h e  v a r i a t i o n  of s u p p r e s s i o n  w i t h  l i n e r  
r e s i s t a n c e  f o r  t h e  s i n g l e - p h a s e  c o n f i g u r a t i o n  (AAA) a t  44% speed  fo r  t he  
blade,passing  f requency, ,and  second  harmonic,   respec. t ively.  The suppress ion  
curve for the second harmonic passes through the measured value' of suppres- 
s i o n  a t  a r e s i s t a n c e  of  about 1 .24  PC. ( I t  shou ld  be  no ted  tha t  a pre- 
l iminary  modal  measurement r e s u l t  was used f o r  t h i s  c a l c u l a t i o n ,  s u c h  t h a t  
t h e  mode w e i g h t i n g  d i f f e r  somewhat f rom the  f ina l  va lues  used  for  the  cor -  
r e l a t i o n  of measurement and theory,  but the suppression trends should be 
una f fec t ed  by the  sp inn ing  mode we igh t ing  va r i a t ion . )  
The d a t a  i n  b o t h  F i g u r e s  45 and 46 ind ica t e  tha t  t he  suppres s ion  cou ld  
be   increased  by us ing   h ighe r   r e s i s t ance .  (The relative " f l a t n e s s "  of t h e  
curve a t  3440 Hz (F igure  45)  compared t o  6920 Hz (F igure  46) .is a r e s u l t  of 
t h e  f a c t  t h a t  t h e  r e a c t a n c e  a t  3440 Hz is fur ther  f rom the  optimum va lue  
than  i t  is a t  6920 Hz). I 
The s u p p r e s s i o n  f o r  t h e  BPF a t  79% speed case was ca l cu la t ed  us ing  a 
number  of different  radial-mode content  assumptions,  in '  order  to  determine 
t h e  s e n s i t i v i t y  of the  suppression  to   radial-mode  content .  The c a l c u l a t i o n s  
were made us ing  a nominal impedance value of Z/pc = 1 . 2  - 0.7i f o r  t h e  
s i n g l e  p h a s e  (AAA) treatmen.t   configuration. 
The f i r s t  assumption is t h a t  o n l y  t h e  lowest o r d e r  r a d i a l  mode f o r  e a c h  
spinning-mode order i s  p resen t  a t  t h e  i n p u t  p l a n e  t o  t h e  t r e a t m e n t  ( s o f t w a l l  
source-plane  assumption).  The sp inning  modes are weighted by t h e  p r e l i m i -  
nary  modal  measurement r e s u l t s .  The second  assumption is t h a t  t h e  l o w e s t  
o r d e r  r a d i a l  mode only is p r e s e n t  i n  a ha rdwa l l  sou rce  p l ane  ad jacen t  t o  the  
f i r s t  t r ea tmen t  s ec t ion .  Th i s  ha rdwa l l  mode r e d i s t r i b u t e s  i n t o  t h r e e  r a d i a l  
modes a t  the  inpu t  p l ane  of t he  t r ea t ed  sec t ion .  Gene ra l ly ,  l a rge  ene rgy  
flux  mismatches  occurred a t  the  source  p lane .  The third assumption w a s  t h e  
same'  as the second except that  the hardwall  mode was r e d i s t r i b u t e d  i n t o  f i v e  
sof twall r a d i a l  modes for  each  sp inning  mode. This decreased the energy 
mismatch  by providing bet ter  convergence.  The fourth assumption was t o  g i v e  
t h e  f i r s t  s i x  r a d i a l  modes fo r  each  sp inn ing  mode an equal  weight ing of 1 .0  . 
+ O.Oi., The sp inning  modes were not weighted by  modal  measurement i n  t h i s  
case.  
The r e s u l t s  of t h e  c a l c u l a t i o n s ,  i n c l u d i n g  s u p p r e s s i o n s  f o r  e a c h  
sp inning  mode o rde r ,  are p resen ted  in  Tab le  X. The hardwal l  source  case 
with improved convergence provides an exact match to the measured suppres- ' 
s ion   va lue .  However, t h e  s e n s i t i v i t y  t o  r a d i a l  mode con ten t ,  as well as t h e  
s e n s i t i v i t y  t o  r e l a t i v e  p h a s i n g  between the modes,  suggests that  this 
agreement is somewhat fo r tu i tous ,  and ,  i n  gene ra l ,  w i thou t  expe r imen ta l  
in format ion  as t o  r a d i a l  mode content ,  the agreement  could be expected to  be 
no be t t e r  t han  rough ly  23 dB. 
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Figure 4 5 .  Predicted  Suppression of Configuration AAA, 44% Speed, 
3440 Hz, as a Function of Liner Resistance. 
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Table X. Effect of Radial-Mode Content. 
0 Single-phase Treatment rl = 5.4 L/H = 1.0 
m .  
' 1  
4 
5. ' 
6 
7 '  
9 
11 
12. - 
Overall 
. Number of 
Cut-on Radial 
Modes 
5 
. .4 
4 
3 
3 
' 2  
2 
' 1  
APWL, dB 
1 2 3 4 
- 0.7 - 3.3 - 4.6 - 6.4 - 8.7 
-16.4 
-35.9 
-65.8 
- 7.2 dB 
- 6.7 
- 9.0 
-10.1 
-13.1 
-18.9 
-35.1 
-66.4 
-11.7 dB 
-10.9 
- 3.3 ? 
- 5.8 "10.2 - 7.2 -12.6 
- 8.4 -15.6 ' 
-10.0 ' -17.3 
-18.1 -25.3 
-34.7 -44.1 
-66.3 -74.1 
- 9.2 dB  -15  dB 
Radial-Mode  Assumptions: 
1  Only  lowest  order  radial  mode for each spinning-mode order 
present at  input  to  treated  section. Spinning  modes  weighted 
by modal  measurement. 
2 Lowest  order  radial mode for  each spinning-mode order in  hard- 
wall  section,  weighted by modal  measurement.  Redistributes 
into  three  radial  modes at  input  to  softwall. Large energy 
mismatch  at  source plane. 
3 Same as 2 but redistributes into five radial modes, 
improving  source-plane mismatch. 
4 First  six  radial  modes  given  equal  weighting of 1.0. 
Spinning  modes not weighted by modal measurement. 
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' The o v e r a l l  s u p p r e s s i o n  c a l c u l a t e d  i n  e a c h  case for  comparison with mea- 
surement is based on contributions from a f a i r l y  l a r g e  number of spinning 
modes, each with some assumed b u t  unknown r a d i a l  mode content .  The  number 
of cu t -on  r ad ia l  modes at a given frequency for  each spinning mode dec reases  
as sp inn ing  mode order  increases .  Table  X I  l ists t h e  number  of cut-on 
r a d i a l  modes f o r  t h e  dominant spinning mode o r d e r s  f o r  t h e  44% speed, second 
harmonic  and  the 79% speed,  blade  passing'   frequency cases. The d i f f i c u l t y  
arises i n  t r y i n g  t o  i n f e r  t h e  p a r t i c u l a r  w e i g h t i n g  and relative phase of t h e  
r a d i a l  modes from the measurement a t  a s i n g l e  r a d i u s ,  two inches from the 
wal l  i n  the twelve inch diameter  duct .  Since the amount each mode p a r t i c i -  
p a t e s  a t  t h e  measurement radius w i l l  be weighted by the amplitude of i ts 
mode shape a t  t h a t  r a d i u s ,  i t  is of i n t e r e s t  t o  examine p l o t s  of t h e  mode 
shapes  fo r  va r ious  sp inn ing  mode orders .  
Figure 47 shows t h e  s h a p e s  o f  t h e  f i r s t  f i v e  r a d i a ,  modes f o r  m = l ,  t h e  
shapes of t h e  f i r s t  t h r e e  modes f o r  m=7, and the shapes of t h e  f i r s t  two 
modes f o r  m=12. Very l i t t l e  can be inferred from the m = l  r a d i a l  mode shapes,  
o t h e r  t h a n  t h e  f a c t  t h a t  a n y  p a r t i c i p a t i o n  by t h e  f i f t h  o r d e r  mode would n o t  
show up a t  t h e  measurement r a d i u s ,  s i n c e  i t  is  nea r  a n u l l  a t  t h a t  p o i n t .  
For m=7 and m=12, however, i t  is i n t e r e s t i n g  t o  n o t e  t h a t  t h e  a m p l i t u d e  of 
t h e  f i r s t  mode a t  t h e  measurement radius is very much less than the second,  
s o  t h a t  t h e  m e a s u r e d  p a r t i c i p a t i o n  a t  t h a t  p o i n t  was p robab ly  due  to  the  
p a r t i c i p a t i o n  of the  second  order  mode. The p a r t i c i p a t i o n  of t h e  f i r s t  
o r d e r  mode, which is v e r y  l i k e l y  t o  b e  present,  is ,  t h e r e f o r e ,  d i f f i c u l t  t o  
infer  f rom the measurement  at t h i s  one immersion, requiring a t  least a 
second  measurement  nearer t o  t h e  wall. I n  any case, examination of t h e  mode 
s h a p e s  f o r  s p i n n i n g  mode o rde r s  g rea t e r  t han  abou t  s ix  ind ica t e s  t ha t  t he  
modal measurements obtained a t  t h e  two inch immersion were most l i k e l y  t o  b e  
dominated  by the  second  o rde r  r ad ia l  modes,  and  gave l i t t l e  information 
a b o u t  t h e  p a r t i c i p a t i o n  of t h e  l o w e s t  o r d e r  r a d i a l  modes. 
I f  no th ing  else, the above arguments ,  coupled with the underpredict ion 
of s u p p r e s s i o n  f o r  t h e  two higher  f requency cases, imply t h a t  i t  might have 
been more r e a l i s t i c  t o  i n c l u d e  h i g h e r  o r d e r  r a d i a l  modes i n  t h e  s o u r c e  
c h a r a c t e r i s t i c s  f o r  t h o s e  s p i n n i n g  modes above spinning mode o rde r  4 (roughly) 
which  have a t  least two r a d i a l  modes c u t  on. To check  th i s  hypo thes i s ,  a 
series o f  c a l c u l a t i o n s  were performed for  the 44% speed second harmonic and 
79% speed blade passing frequency cases  under  the fol lowing set of assump- 
t i o n s  : 
1) The r a t i o  of t h e  moda l   ampl i tudes   fo r   t he   f i r s t  and  second r a d i a l  
modes was determined such that  equal  energy was conta ined  in  each  
mod e. 
2)  The sum of t h e   a m p l i t u d e s   o f   t h e   f i r s t  two r a d i a l  modes w a s  set  
e q u a l  t o  t h e  measured modal amplitude for each spinning mode of 
concern,  assuming zero relat ive phase.  
These  assumptions were a p p l i e d  t o  t h e  m = 6 ,  7 ,  8 ,  11, and 12 modes i n  t h e  
44% speed case, and t h e  m = 6 ,  ' 7, 9 ,  and 11 modes i n  t h e  7 9 %  speed case. 
The r e s u l t s  of t h e  c a l c u l a t i o n  are presented  in  F igures  4 8  and 4 9 .  
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Table XI. Number of Cut-On Radial'Modes for 
Dominant  Spinning  Mode Orders. 
44% Speed 
Second Harmonic 
f = 6920 Hz, Mach 0.2 L 
4 ! 
Spinning Mode Number of Cut-On 
Order Radial  Modes 
1 6 
4 
6  3 
7 3 
9 2 
11 2 
12 1 
15 1 
79% Speed 
Blade-Passing Frequency 
f = 6120 Hz, Mach 0.35 
- .  
Spinning  Mode Number of Cut-On 
Order Radial  .Modes 
2 
6 
7 
8 
11 
12 
13 
I ,  
. .  
- ,  
.6  
.4 
. 2  
0 
- . 2  
I 
c 
.2 
0 
- .2 
.2 
0 
-.2 
I I rn = 12 I 
I \ 
I \ 
L 
- 1  
2 "
I I I I I I , I ,  I , \ I  1 
I \I 
CeAter 
O f  Duct 
I I 
Probe Outer 
Immersion Wall 
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Figure 48. Comparison of Measured  and  Predicted  Suppression  for 
Two Different Modal Source  Assumptions, 44% Speed, 
Second  Harmonic. 
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Figure 4 9 .  Comparison  of  Measured  and  Predicted  Suppression  for 
Two Different  Modal  Source  Assumptions, 79% Speed, BPF. 
I n  t h e  44% speed case, the modif ied source assumption increased the 
p red ic t ed  suppres s ion  in  a l l  cases except  t reatment  Configurat ions AAA, CBA, 
and AAB. ' Detai led examinat ion of  the computer  runs indicates  that  the 
i n c r e a s e s  i n  s u p p r e s s i o n  c a n  b e  a t t r i b u t e d  p r i m a r i l y  t o  a r e d i s t r i b u t i o n  
i n t o  h i g h e r  o r d e r  r a d i a l  modes f o r  t h e  v a r i o u s  s p i n n i n g  mode o r d e r s  a t  t h e  
in te r face  be tween the  hardwal l  source  p lane  and t h e  e n t r a n c e  p l a n e  a t  t h e  
f i r s t  l i n e r  segment.   For  the  three  configurations  which were not  improved 
by t h e  new modal assumption, i t  w a s  f o u n d  t h a t ,  i n  g e n e r a l ,  t h e  d i f f e r e n t  
s o u r c e  p r o f i l e  d i d  n o t  c a u s e  a r e d i s t r i b u t i o n  i n t o  h i g h e r  o r d e r  modes i n t o  
t h e  l i n e r  t h a n  t h e  l o w e s t  o r d e r  mode only cases. One anomaly is t h a t  t h e  ' 
modif ied source assumption causes  the AAH C o n f i g u r a t i o n  t o  p r e d i c t  h i g h e r  . 
t h a n  t h e  AAA Configuration. The cause of t h i s  e f f e c t  is t h e  relative phase 
s h i f t  t h a t  o c c u r s  b e t w e e n  t h e  f i r s t  two r a d i a l  modes i n  t h e  s o u r c e  a l o n g  t h e  ' 
hardwall  segment between the hardwall  source plane and the entrance to the 
f i r s t   t r ea tmen t   s egmen t .  The source   p ro f i l e   changes   (w i th   no   a t t enua t ion )  
a l o n g  t h i s  l e n g t h  i n  s u c h  a manner t h a t  a very  advantageous  red is t r ibu t ion  
i n t o  h i g h e r  o r d e r  modes occurs  when t h e  wave reaches . the  t r ea tmen t .  Th i s  
i nd ica t e s  t he  impor t ance ,  no t  on ly  of t h e  relative weighting among r a d i a l  
modes a t  t h e  s o u r c e ,  b u t  a l s o  t h e  relative phasing among t h e  modes. 
I 
R e s u l t s  a t  79% speed are similar, where again a l l  conf igu ra t ions  show 
inc reased   suppres s ion   p red ic t ions   excep t  AAA, CBA, and AAB. F igu re  50 shows 
a comparison of t he  ( r ed i s t r ibu ted )  moda l  con ten t  fo r  t he  m=6 sp inn ing  mode 
fo r  Conf igu ra t ions  AAA and AAH fo r  t he  equa l  ene rgy  and least a t t e n u a t e d  
mode source  assumptions a t  t h e  e n t r a n c e  t o  t h e  f i r s t  t r e a t e d  s e c t i o n .  The 
h i g h e r  o r d e r  r a d i a l  mode con ten t  can  be  co r re l a t ed  d i r ec t ly ,wi th  the  sup -  
p r e s s i o n  t r e n d s  f o r  t h e s e  c o n f i g u r a t i o n s .  S i m i l a r  r e s u l t s  are found  fo r  t he  
m=7 and m=9 sp inn ing  modes. 
6 . 3  HIGH MACH INLET 
A c o u s t i c  d a t a  f o r  t h e  f o u r  High Mach i n l e t s  d e f i n e d  i n  T a b l e  I V Y  
t o g e t h e r  w i t h  t h e  h a r d w a l l  c y l i n d r i c a l  i n l e t  as a b a s e l i n e  r e f e r e n c e ,  a r e ,  
p re sen ted  and  d i scussed  in  th i s  s ec t ion .  The d a t a  i n c l u d e  1/3 octave  band 
PWL s p e c t r a  f o r  t h e  tes t  veh ic l e  a s - t e s t ed  ( " sca l e  model")  and as s c a l e d  t o  
a r e p r e s e n t a t i v e  " f u l l  scale" s i z e  ( s e e  S e c t i o n  5.4); a l s o ,  i t  i n c l u d e s  t h e  
6 1  m (200 f t )  s i d e l i n e  PNL v e r s u s  f a r f i e l d  a n g l e  f o r  t h e  f u l l  scale v e h i c l e  
s ize .  In  addi t ion ,  acous t ic  da ta  f rom probe  measurements  of  the  accelerat- 
i n g  i n l e t  and the  s ing le -phase  hybr id  in l e t  are p r e s e n t e d  t o  assess t h e  
r e l a t i v e  r o l e s  of flow Mach number  and acous t i c  t r ea tmen t  on t h e  s u p p r e s s i o n  
achieved  by  each  mechanism.  Aerodynamic  performance d a t a  f o r  t h e  h i g h  Mach 
i n l e t s  are a l s o  summarized. 
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Figure 50. Modal Participation at Entrance to  Treated Section 
(Plane 2), Sixth Order Spinning Mode, 79% Speed, . 
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6.3.1  Acoust ic  Data 
One-Third . " Octave .. Band PWL Spec t r a  
The e f f e c t  o f  v e h i c l e  rpm upon t h e  PWL s p e c t r a  are shown i n  F i g u r e s  51, 
52, and 53 f o r  79,  89,  and  94% of des ign   speed ,   respec t ive ly .  The d a t a  f o r  
t h e  a c c e l e r a t i n g  a n d  c y l i n d r i c a l  h a r d w a l l  i n l e t s  are e s s e n t i a l l y  t h e  same a t  
the lowest  (79%) speed point  where the throat  Mach number  of the  acce lera-  
t i n g  i n l e t  was or l ly  0 .60  (versus  0 .36  for  the  cy l indr ica l  in le t ) .  A t  t h e  
des ign  po in t  of  89%  rpm, t h e  t h r o a t  Mach number,  which has increased to 0.72 
(versus  0.40 f o r  t h e  c y l i n d r i c a l  i n l e t ) ,  is s u f f i c i e n t  t o  p r o v i d e  3 t o  5 dB 
r e d u c t i o n  i n  r a d i a t e d  n o i s e  o v e r  t h e  e n t i r e  s p e c t r u m .  A t  t h e  94%  speed 
p o i n t ,  t h e  t h r o a t  Mach number  of  0.79 (ve r sus  -0 .42  fo r  t he  cy l ind r i ca l  
i n l e t )  is. adequate  to  provide between 10 and 15 dB reduction over most of 
the spectrum. 
The a d d i t i o n  of the t reatment ,  whether  s ingle-phase or  mult i -phase,  
p rovided  addi t iona l  suppress ion  a t  a l l  these  speed  points .   Again,  as wi th  
t h e  t r e a t e d  c y l i n d r i c a l  i n l e t  (see S e c t i o n  6 . 2 . 1 ) ,  t h e  c h a r a c t e r i s t i c  
suppressions are such  tha t  the  mul t i -phase  t rea tment  provides  more suppres- 
s i o n  i n  t h e  l o w e r  end of the frequency range than the single-phase, with 
only small l o s s  i n  s u p p r e s s i o n  a t  BPF - even  though  only  one  of  the  three . 
l i n e r s  ( r a t h e r  t h a n  a l l  t h r e e )  was tuned  for  BPF. 
6 1  m (200 " f t )  - S i d e l i n e  PNL versus   Far f ie ld   Angle  
The 6 1  m (200 f t )  s i d e l i n e  p e r c e i v e d  n o i s e  levels f o r  t h e s e  i n l e t s ,  
a f t e r  s c a l i n g  t o  180 cm ( 7 1  i n . )  s i z e ,  are presented in Figures 54, 55, and 
56 f o r . : t h e  same th ree  speed  po in t s .  No te  tha t  t he  PNL v a l u e s  f o r  t h e  i n l e t s  
wi th  t rea tment  are, a t  each speed point,  a l l  e s s e n t i a l l y  t h e  same; t h i s  is 
the consequence of t h e  f a c t  t h a t  t h e  " f u l l  scale" 1 / 3  o c t a v e  s p e c t r a  a f t e r  
being Noy' weighted(191, are dominated by the  frequency  bands  above BPF. The 
d i f f e r e n c e s  i n  PNL v a l u e s  f o r  t h e  h a r d w a l l  i n l e t s ,  c y l i n d r i c a l  v e r s u s  accel- 
e r a t i n g ,  d r a m a t i c a l l y  i n d i c a t e  t h e  b e n e f i t  of the suppression achieved by 
high  subsonic-flow Mach number, p e r  se: very l i t t l e  d i f fe rence  occurs  at 
79% speed; about 6 PNdB advantage occurs a t  89%,  and t h i s  i n c r e a s e s  t o  more 
than  14 PNdB a t  94% speed. . In  th i s  speed  r ange ,  be tween  3 t o  5 PNdB more 
suppress ion '  occurs  wi th  the  addi t ion  of  t rea tment .  On a PNL b a s i s ,  n o  
b e n e f i t  is seen as-..a r e s u l t  of the  mul t iphase  t rea tment  relative t o  t h e  
s i n g l e  p h a s e ;  t h i s  is a consequence of  the fact  that  the lower f requency 
range,  where the mult iphase t reatment  showed  improved suppression (as 
ind ica t ed  in  F igu res  51  th rough  531 ,  is de-emphasized  by t h e  Noy weight ing 
i n v o l v e d  i n  t h e  PNL c a l c u l a t i o n .  
The d a t a  i n  F i g u r e  57 show t h e  v a r i a t i o n  of maximum 6 1  m (200 f t )  
s i d e l i n e  PNL as a f u n c t i o n  of vehic le  opera t ing  speed  f rom 74% through 
97 .5%.  Aga in ,  da t a  fo r  f ive  in l e t s  are p r e s e n t e d ,  b u t  t h i s  time a t r e a t e d  
cy l ind r i ca l  i n l e t  (mul t iphase  t r ea tmen t  conf igu ra t ion  CAE) has  been subst i -  
t u t e d  f o r  a hybr id  (conf igura t ion  CAB), s i n c e  t h e  d a t a  i n  t h e  p r i o r  t h r e e  
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f i g u r e s  show the  mul t iphase  hybr id  conf igura t ions  CAB and CAE to  be  equiva-  
l e n t ;  t h u s ,  t h e  d a t a  i n  F igu re  57 show: ( a )  t he  e f f ec t  o f  mu l t iphase  treat- 
ment conf igu ra t ion  CAE, p e r  se, w i t h o u t  a c c e l e r a t i o n  e f f e c t s  (i.e.,  i n  t h e  
c y l i n d r i c a l  i n l e t ) ;  ( b )  t h e  e f f e c t  of t h e  same t r ea tmen t  conf igu ra t ion  in  
a n  a c c e l e r a t i n g  i n l e t ;  a n d  (c) the  e f fec t  o f  h igh  subsonic- f low Mach number, 
p e r  se, wi thou t  t r ea tmen t  e f f ec t s  (i.e.,  t h e  c y l i n d r i c a l  v e r s u s  a c c e l e r a t i n g  
ha rdwa l l   i n l e t s ) .   These   da t a  show the   fo l lowing:  
o The mult iphase  t reatment  CAE w i t h o u t   a c c e l e r a t i o n   e f f e c t s   i n c r e a s e s  
in   e f f ec t iveness   w i th   i nc reas ing   veh ic l e   speed ,   go ing .   f rom ' about; 
3 t o  more than 7 PNdB i n  t h e  r a n g e  f r o m  74% t o  94% rpm. 
o When t h i s  same treatment   design is used   i n   t he   h igh . 'Mach   i n l e t ,  
t h e r e  is e s s e n t i a l l y  t h e  same suppression over the lower end of 
the  speed  range ,  bu t  i t  dec reases  wi th  h ighe r  speeds  un t i l ,  a t  
97.5% of  design speed,  the t reated i n l e t  provides  less Suppres- 
s ion  than  the  ha rdwa l l  acce le ra t ing  in l e t .  Excep t  'at t h i s  h i g h e s t  
speed  po in t ,  neve r the l e s s ,  t he  treatmerit provided  +addi t iona l  
suppression,  and a t  94% speed  the  to t a l  due  to  bo th  e f f ec t s  is 
about  17  PNdB. 
o The s u p p r e s s i o n   o f   t h e   a c c e l e r a t i n g   i n l e t   d u e   t o   f l o w   e f f e c t s  
a l o n e  is s igh i f i can t  above  79% of design speed (0.6 average 
t h r o a t  Mach number) and is n e a r l y  30 PNdB a t  97.5% speed (0.83 
ave rage  th roa t  Mach number) ; ,  th i s  sugges ts  tha t  a choked i n l e t  
c o n d i t i o n  w a s  rapidly  being  approached.  , , 
The p e r c e i v e d  n o i s e  s u p p r e s s i o n  a c h i e v e d  w i t h  t h i s  a c c e l e r a t i n g  i n l e t  
is compared i n  F i g u r e  58 t o  similar s u p p r e s s i o n s  a t t a i n e d  w i t h  o t h e r  i n l e t s .  
I n  a l l  cases the data  have been der ived from model  resul ts  measured i n  
anechoic   chambers   which   have   beemscaled   to   typ ica l   tu rbofan   s izes .  Two 
sets  of  data  were from the NASA-LRC v e h i c l e  w i t h  d i f f e r e n t  h i g h  Mach number 
i n l e t s  (2 ) ,  whi le  the  remain ing  of  da ta  were from tests a t  General Electric 's  
Corporate Research and Development Center anechoic chamber (unpublished). 
T h e s e  r e s u l t s  i n d i c a t e  t h a t  t h e  c u r r e n t  a c c e l e r a t i n g  h a r d w a l l - i n l e t  con- 
f igurat ion produced comparable  suppression levels re la t ive t o  i n l e t s  which 
have been tes ted previously.  
In-Duct Acoustic Probe Data 
The a c o u s t i c  r e s u l t s  show tha t  the  suppress ion  achieved  independent ly  
wi th  duc t  t r ea tmen t  and  wi th  acce le ra t ed  f low are n o t  l i n e a r l y  a d d i t i v e  
when combined i n  a h y b r i d  i n l e t .  This is c o n s i s t e n t  w i t h  p r i o r  e x p e r i e n c e  
a t  t h e  General Electric Company ( 2 , 3 ) ; . ' b e f o r e  t h i s  i n l e t  t r e a t m e n t  s t u d y ,  
the  d i f fe rence  had  been  ascr ibed  to  reduced  t rea tment  e f fec t iveness  due  to  
h ighe r  f low rates ove r  the  t r ea tmen t  and /o r  i nc rease  in  the  sou rce  no i se  
level resu l t ing   f rom  the   change   in   in le t   geometry .   This   exper imenta l  
program provided the opportunity to examine the suppression mechanism 
as soc ia t ed  wi th  hybr id  in l e t s  and  to  de t e rmine  the  relative amount of . .  
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r educ t ion  a t t a ined  th rough  the  t r ea tmen t  and t h r o a t  r e g i o n  of t h e  h i g h  Mach 
number i n l e t .  
Acoustic probe measurements were taken a t  t h r e e  p o s i t i o n s  i n  t h e  
i n l e t .  The f i r s t  w a s  jus t  forward  of  the  in le t  p lane ;  the  second w a s  j u s t  
downstream of t h e  i n l e t  t h r o a t ;  and t h e  t h i r d  was downstream  of t he  t r ea tmen t  
s e c t i o n ,  as shown i n  F i g u r e  59. Probe  narrowband resu l t s  are p r e s e n t e d  i n  : 
t h i s  f i g u r e  f o r  t h e  s i n g l e - p h a s e  h y b r i d  c o n f i g u r a t i o n  a t  a t h r o a t  Mach 
number of 0.72. These  spec t ra  were measured near the outer w a l l ,  approxi- "? , 
mately along a s t reaml ine .  The r e s u l t s  i n d i c a t e  t h a t  ' t h e  m u l t i p l e  p u r e  
tones and blade passing fundamental  were subs tan t ia l ly  reduced  as the sound 
waves propagated through the treatment s e c t i o n .  : A t  the  measur ing  s ta t ion  
ups t ream of  the  throa t ,  a l l  of t he  mul t ip l e  pu re  tones  and t h e  BPF tone  
have been el iminated,  and the high frequency '  broadband levels  s ignif icant ly  
reduced. ' 
, .  
A t  each o f  t h e s e  a x i a l  p o s i t i o n s ,  d a t a  were recorded with the probes.  
a t  a number of  immersions (5 t o  7) and  sound power l e v e l s  of t h e  b l a d e  " 
pass ing  tone  were es t imated  by i n t e g r a t i o n  of t h e  sound pressurd levels 
across   the   duc t .   Di f fe rences   be tween  probe  pairs are summarized i n  t h e  ; .  
t a b l e  i n  F i g u r e  60 f o r  t h e  a c c e l e r a t i n g  h a r d w a l l  and single-phase hybrid 
conf igu ra t ions  a t  t h r e e   t h r o a t  Mach numbers. The q u a n t i t i e s   l i s t e d   f o r  . 
each  conf igura t ion  are t h e  d i f f e r e n c e s  i n  e s t i m a t e d  t o n e  power level  between 
t h e  two s t a t i o n s  i n d i c a t e d .  T h a t  is, that   l i s ted  under   "Source  to   Bel lmouth" 
i s ' t h e  t o t a l  change i n  BPF power l e v e l  as a consequence of t h e  combined ' 8  ' 
a t tenuat ion  f rom high  subsonic  f low Mach number and from t h e  a c o u s t i c  
t r ea tmen t  i f  p re sen t ;  t ha t  l i s t ed  unde r  "Source  to  Throa t "  is the change 
a t t r i b u t a b l e  p r i m a r i l y  t o  the  t r ea tmen t  when i t  is i n s t a l l e d ;  a n d ,  t h a t  
l is ted 'under  "Throat  to  Bel lmouth" is the  change  in  power l e v e l  a t t r i b u t a b l e  
pr imar t i ly  to  the  f low Mach number effect .  Actual ly ,  these measurements  do 
n o t  separate e a c h  e f f e c t  r i g o r o u s l y ,  and some f low-ef fec t  a t tenuat ion  is 
inyolv-ed i n  t h e  p r o b e  d a t a  from the   t h roa t   l oca t ion .   Neve r the l e s s ,   such  
da ta  f rom these  p r inc ipa l  l oca t ions  is i n d i c a t i v e  of t he  relative r o l e s  o f  
f low-ef fec t  and  of  t rea tment  in  the  overa l l  a t tenuat ion . .  Bear ing  these  
q u a l i f i c a t i o n s  i n  mind, t he  fo l lowing  po in t s  are of i n t e r e s t :  
- 1  
i 
o The "Source  to  Bellmouth"  data show the   hybr id   i . n l e t   t o   p rov ide  
more r e d u c t i o n  t h a n  t h e  h a r d w a l l  a c c e l e r a t i n g  i n l e t  a t  a l l  t h r e e  
s p e e d s ,  s o ' . t h e  t r e a t m e n t . i s  c l e a r l y  e f f e c t i v e  t o  some degree.  
However, f rom these  da t a  a lone ,  t he  r e l a t ive  ro l e s  of t h e  two 
a t t e n u a t i o n  mechanisms are undefined. 
. .  
o The "Source  to   Throat"   data  show t h a t   t h e   a t t e n u a t i o n  of t h e  
h y b r i d  i n l e t  i n  t h i s  s e c t i o n  i n c r e a s e s  w i t h  i n c r e a s i n g  s p e e d ,  
w h i l e  t h a t  of t he  ha rdwa l l  acce le ra t ing  in l e t  va r i e s  f rom an 
appa ren t  ampl i f i ca t ion  of 3 . 7  dB (74% speed)  to  an  a t tenuat ion  of 
7 . 1  dB (94% speed) even though there w a s  no t r e a t m e n t  i n  t h i s  
r eg ion .  Th i s  behav io r  fo r  t he  ha rdwa l l  case is be l i eved  to  be  a 
combination  of two p r o b a b l e   e f f e c t s :   ( a )  a long . i tud ina1   s tanding  
wave as a r e s u l t  of t h e  i n t e r a c t i o n  of two o r  more d i f f e r e n t  
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BPF Tone Suppression Based on Probe Resul ts  for  High 
Mach  Number I n l e t .  
sp inn ing  modes ( l i k e l y  t o  b e  more important a t  the lowest speed 
s e t t i n g ) ,  and  (b) some f low-ef fec t  a t tenuat ion  having  a l ready  
taken  p lace  by t h e  time the  th roa t  p robe  is reached  ( l i ke ly  to  be  
more important a t  t h e   h i g h e s t   s p e e d   s e t t i n g ) .   I f   t h e s e   e f f e c t s  
t o o k  p l a c e  i n  b o t h  t y p e  i n l e t s  by a r e l a t i v e l y  e q u a l  amount at 
each  speed  se t t i ng ,  t hen  the  f ac t  t ha t  t he  a t t enua t ion  of t h e  
h y b r i d  i n l e t  re la t ive t o  t h e  a c c e l e r a t i n g  i n l e t  r e m a i n s  c o n s t a n t  
i n  t h i s  s e c t i o n  (12 dB),  independent  of  the  speed, is i n d i c a t i v e  
t h a t  t h e  a t t e n u a t i o n  d u e  t o  t h e  t r e a t m e n t ,  p e r  se, has remained 
cons t an t  and has not been degrade:d by t h e  i n c r e a s i n g  Mach number. 
o The "Throa t   o   Bel lmouth"   da ta   ind ica tes   tha t   an   apprec iab le   por -  
t i o n  of t h e  a t t e n u a t i o n  t a k e s  p l a c e  i n  t h i s  s e c t . i o n  on the  acce l -  
e r a t i n g  i n l e t ;  however, when t h e r e  is  t rea tment  ( the  hybr id) ,  the  
amount  of a t t e n u a t i o n  i n  t h i s  s e c t i o n  due t o  f l o w  e f f e c t s  is 
reduced a s i g n i f i c a n t  amount: 
. ., 
The f a c t  t h a t  p r o b e  r e s u l t s  i n d i c a t e d  a r educ t ion  of the  b lade  pass ing  
tone power l e v e l  of 1 2  dB through the  t rea tment  sec t ion  a t  each  speed  could 
be a co inc idence ,  for  the  f requency  of , the  tone  increased  with fan speed;  
howeyer ,  other  evidence also indicates  ' that  the tone reduct ion w a s  constant  
over  this  speed  range' .  One such set of d a t a  c o n s i s t s  of duct  measurements 
by  means  of  flush-mounted  microphones:  the levels of t h e  BPF t o n e ' o n  t h e  
w a l l  of the  s ing le  phase  hybr id  conf igura t ion  are presented , in  Figure 6 1  f o r  
t he . . t h ree  speeds ;  t hese  da t a  ind ica t e  tha t  abou t  10 dB reduct ion  occurred  
for   each  speed  point   between  measurement   posi t ions 2 and 3 .  Also,  probe 
d a t a  f rom the  s ing le  phase  cy l ind r i ca l ' i n l e t ,  p rov id ing  d i r ec t ly  co r re spond-  
ing  informat ion  as i n ' F i g u r e  60, showed 1 3  dB suppression by t h e  treatment 
a t  t h e  89% speed  po in t ;  t h i s  is w i t h i n  1 dB of  that  deduced for  the treat-  
ment i n  t h e  h i g h  Mach. i n l e t .  F i n a l l y ,  . t h e  i n d i c a t i o n  t h a t  t h e  s u p p r e s s i o n  
of t h e  BPF tone w a s  t h e  same, even though the frequency was changing with 
speed, i s  s u p p o r t e d  b y  t h e  d a t a  f o r  t h e  s i n g l e  p h a s e  c y l i n d r i c a l  i n l e t  
p re sen ted  in  F igu re  30 fo r  each  of these  speeds .  
Thus, r a t h e r  th.an coincidence,  the,  accumulated data  indicate  blade 
passing tone suppression through the t reatment  sect ion remained approxi-  
mately unchanged as flow was a c c e l e r a t e d ,  c o n t r a r y  t o  p r e v i o u s  b e l i e f .  
F u r t h e r ,  less reduc t ibn  of t he  tone  power l e v e l  was achieved by a c c e l e r a t i o n  
of t he  f low th rough  the  th roa t  when the tone had already been reduced by 
a c o u s t i c  treatment downstream  of t he   t h roa t .   Neve r the l e s s ,   gene ra l ly  more 
t o t a l  s u p p r e s s i o n  w a s  achieved with a hybr id  in l e t ,  due  to  the  coup led  
e f f e c t s  of t rea tment  suppress ion  and- acce le ra t ion  suppres s ion .  
It migh t  be  pos tu l a t ed  tha t ,  as the sound wave propagates through a 
t r e a t e d  s e c t i o n  of duc t ,  sound energy  in  the  h igher  order  modes i s  reduced, 
i . e . ,  the  sound  energy  most  readily  absorbed. The c h a r a c t e r i s t i c s  of t h e  
sound  waves as they  en te r  t he  acce le ra t ed  f low reg ion  are now q u i t e  d i f f e r -  
e n t  f r o m  t h e  c h a r a c t e r i s t i c s  of the sound waves entering the same region of 
the   hardwal l ,   h igh  Mach number i n l e t .  A l t h o u g h  i n l e t  f l o w  c h a r a c t e r i s t i c s  
are unchanged f o r  t h e  t h r o a t  r e g i o n ,  t h e  a c c e l e r a t i o n  s u p p r e s s i o n  mechanism 
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is working on sound waves w i t h  q u i t e  d i f f e r e n t  c h a r a c t e r i s t i c s ,  and less 
a d d i t i o n a l  r e d u c t i o n  of the propagating sound energy is a t t a i n e d  f o r  t h e  
sound waves with the lower order mode energy content.  
6.3.2  Aerodynamic  Performance  of  High Mach I n l e t  
The. a x i a l  d i s t r i b u t i o n  of t h e  wall Mach number is p r e s e n t e d  i n  F i g u r e  62 
., . 
fo r   t he   acce le ra t ing   ha rdwa l l   con f igu ra t ion .   S imi l a r   measu remen t s   w i th  
e s s e n t i a l l y  i d e n t i c a l  r e s u l t s  were made for  the  s ing le  phase  hybr id  conf ig-  
u r a t i o n .  The i n l e t   g e n e r a l l y   o p e r a t e d  as designed. The f low  a long  the wall 
w a s  accelerated sharply from the leading edge of t h e  i n l e t  l i p  t o  a p o i n t  
j u s t  ups t r eam of the  geometr ic  th roa t .  The flow w a s  t hen  r ap id ly  d i f fused  
between t h i s  p o i n t  and the  t rea tment  sec t ion ;  the  d i f fus ion  cont inued  through 
the  t r ea tmen t  s ec t ion  a t  a slower ra te ;  reaching a r e l a t i v e l y  c o n s t a n t  wa l l  
Mach number i n  t h e  downstream port ion of  this  sect ion.  
The d a t a  i n d i c a t e d  t h a t  t h e  f l o w  became s u p e r c r i t i c a l  i n  t h e  v i c i n i t y  o f  
t h e  t h r o a t  a t  the  h ighes t  speed .  Th i s  sugges t s  t ha t  l oca l  shocks  may have 
e x i s t e d  a t  t h i s  f a n  s p e e d .  F u r t h e r ,  t h e  wall Mach number d i s t r i b u t i o n s  
ind ica tkd  tha t '  t he  in l e t  ope ra t ed  wi thou t  s epa ra t ion . '  
A key nondimensional parameter used to  eva lua te  in le t  aerodynamic  per -  
formances is the  recovery  factor .   Recovery is def ined as t h e   a v e r a g e   t o t a l  
pressure  from t h e  rake  d iv ided  by the  barometr ic  pressure .  Calcu la ted  re- 
covery  fac tors  are shown f o r  b o t h ' t h e  a c c e l e r a t i n g  h a r d w a l l  and single-phase 
hybr id  conf igu ra t ions  in  F igu re  6 3  as a f u n c t i o n  of average  throa t  Mach 
number.  Both c o n f i g u r a t i o n s   e x h i b i t e d  good r e c o v e r y   c h a r a c t e r i s t i c s  up t o  a 
t h r o a t  Mach number  of  0.8. . ,. 
I n  .summary, t h e  i n l e t  f l o w  was acce le ra t ed  to  an  ave rage  th roa t  Mach 
number: of 0.8 without  separation,  and  with  high  recovery.   These  performance 
c h a r a c t e r i s t i c s  show t h a t  t h e  n o i s e  s u p p r e s s i o n  a t t a i n e d  by a c c e l e r a t i n g  t h e  
f l o w  t o - a v e r a g e  t h r o a t  Mach numbers  of 0 .72  t o  0.79 was achieved without 
s i g n i f i c a n t l y  compromising  aerodynamic  performance. 
6 . 4  INLET TURBULENCE AND ASSOCIATED  NOISE  FOR THIS EXPERIMENTAL 
TEST CONFIGURATION , , 
The expe r imen ta l  r e su l t s  fo r  i n l e t  t u rbu lence  measu remen t s  and asso- 
c i a t e d  n o i s e  l e v e l s  f o r  t h i s  test set-up with and wi thou t  an  in l e t  s c reen  are 
presented and d i s c u s s e d  i n  t h i s  s e c t i o n  f o r  t h e  c y l i n d r i c a l ,  a c c e l e r a t i n g ,  
and s ingle-phase  hybr id  in le t s .  
- . . . . - . . - " . 
Published information on t h e  n a t u r e  of the  noise  genera ted  by the  tur -  
bulence-rotor  interact ion mechanism(2,3,18)  suggests :  
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I o The a x i a l   l e n g t h   o f   t u r b u l e n t  cells plays a l a r g e   p a r t   i n   d e t e r -  
\\ min ing   t he   ex ten t   t o  which t h e   n o i s e  is concentrated a t  b l ade  
1; 
1 r o t o r  as a q u a s i   s t e a d y - s t a t e   d i s t o r t i o n   g i v i n g  rise t o   s t r o n g  
‘I passing frequency and i ts  harmonics,  lone eddys appear to the 
tona l  conten t ;  shor te r  eddys  produce  more broadband nose. 
o The i n t e n s i t y  level of the  turbulence  determines  the amount  of 
t h e  n o i s e  i n c r e a s e .  
T h e r e f o r e ,  t h e  t h r e e  m o s t  b a s i c  q u a n t i t i e s  of i n t e r e s t  e x p e r i m e n t a l l y  are 
t h e  i n t e g r a l - 1 e n g t h . s c a l e  in t h e  axial  d i r ec t ion  and  the  two components’ of 
uns teady  ve loc i ty ,  ax ia l  and  c i rcumferent ia l .  These  da ta  were obtained a t  
74%, 89%, and 94% of ro tor  des ign  speed ,  a t  wh ich  the  ro to r  t i p  speeds  were 
subson ic” (0 .86  Mach N o . ) ,  t r a n s o n i c  (1.04 Mach No;.), and supersonic  (1.10 
Mach No.); t h u s ,  t h e  two h igher  speeds  involved  ro tor -a lone  noise  assoc ia ted  
w i t h  Mach waves o n  t h e  b l a d e s  as w e l l  as the  ord inary  turbulence- ro tor  
i n t e r a c t i o n   n o i s e .  
6.4.1  Turbulence Data 
T h e . d a t a  f o r  t h e  a x i a l  i n t e g r a l - l e n g t h  scale of t h e  i n l e t  t u r b u l e n c e  
f o r  t h e  t h r e e  i n l e t s  are p resen ted  in  F igu re  64 f o r  t h e  c a s e  w i t h o u t  t h e  
i n l e t  s c r e e n  a n d  i n  F i g u r e  65 wi th  the  screen .  These  da ta  are f o r  t h e  74% 
and 89% speed points ;  the 94% speed point  data ,  not  shown, was e s s e n t i a l l y  
t h e  same as f o r  t h e  8 9 %  case The d a t a  show t h a t  w i t h o u t  t h e  s c r e e n ,  t h e  
l e n g t h  scale o f . t h e  t u r b u l e n c e  w a s  g r e a t e r  f o r  t h e  High Mach i n l e t  ( b o t h  
a c c e l e r a t i n g  a n d  h y b r i d )  t h a n  f o r  t h e  c y l i n d r i c a l  i n l e t ,  b u t  when t h e  
s c r e e n  w a s  added ,  bo th  type  in le t s  were e s s e n t i a l l y  t h e  s a m e .  This w a s  t h e  
r e s u l t  o f  a r educ t ion  o f  t he  l eng th  scale f o r  t h e  High Mach i n l e t ;  e s s e n -  
t i a l l y  n o  c h a n g e  o c c u r r e d  f o r  t h e  c y l i n d r i c a l  i n l e t .  The t r e a t m e n t  i n  t h e  
High Mach i n l e t ,  as might be expected, had no a p p r e c i a b l e  e f f e c t .  
I n  a l l  c a s e s  t h e  l e n g t h  scale is l a rge ,  be ing  in  the  r ange  of 5 t o  60 
meters o r  15 t o  180 fan   d iameters .   This   ax ia l  scale of  turbulence is such 
t h a t ,  a c c o r d i n g  t o  P i c k e t t  ‘ s  ( 3 )  a n a l y s i s ,  t h e  p r e d i c t e d  e f f e c t  on t h e  r o t o r  
no ise  genera t ion  should  be  pr imar i ly  on  BPF and  harmonic  tone levels. I n  
f a c t ,  t h e  a n a l y s i s  i n d i c a t e s  t h a t  f o r  t h i s  v e h i c l e  a n  a x i a l  eddy l eng th  of 
o n l y  t h r e e  meters would cause noise a t  BPF and harmonics,  and any increase 
i n  ax ia l  s c a l e  would:  produce no increase in  tone discreteness .  
The assoc ia ted  mean-ve loc i ty  prof i les ,  as determined by t h e  DC com- 
ponent of the hot-wire probe, are g iven  in  F igures  66 ,  67 ,  and .68  for  each  
i n l e t  w i t h  a n d  w i t h o u t  t h e  i n l e t  s c r e e n  i n c l u d i n g  t h e  c y l i n d r i c a l ,  a c c e l -  
e r a t i n g ,  a n d  h y b r i d  i n l e t s ,  r e s p e c t i v e l y .  The i n l e t  s c r e e n  had no s i g n i f i -  
c a n t  e f f e c t  upon t h e  s h a p e  o f  t h e  v e l o c i t y  p r o f i l e s ,  b u t  i t  d id  reduce  the  
mean v e l o c i t y  a small amount. 
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The ax ia l  and  c i r cumfe ren . t i a1  tu rbu lence  tn t ens i ty  levels for  each  of  
the three i n l e t s  w i t h  and  wi thout  in le t  sc reens  are g i v e n  i n  F i g u r e s  6 9 ,  7 0 ,  
71.. 72, 73, :and 74 .  The f i r s t  t h r e e  g i v e  t h e  a x i a l  i n t e n s i t y  and  the,second 
threw g'ive t h e  c i r c u m f e r e n t i a l  i n t e n s i t i e s  f o r  t h e  c y l i n d r i c a l ,  a c c e l e r a t i n g ,  
and hybr id   i n l e t s ,   r e spec t ive ly .   These   da t a   show. tha t   t he   t u rbu lence   i n -  
t e n s i t y  l e v e l s  are about  the same f o r  a l l  t h r e e  i n l e t s .  
The a d d i t i o n  of the i n l e t  s c r e e n  g e n e r a l l y  r e d u c e d  t h e  i n t e n s i t y  levels 
by a factor  between  about 1.5 t o  2. Wi thou t  t he  sc reen ,  t he . in t ens i ty  l eve l  
in t he  ax ia l  d i r ec t ion  va r i ed  f rom the  r ange  of 3 t o  4% near  , the wall t o  
about 1% near  the centerbody;  with the screen,  the values  were. reduced t o  
about  2% n e a r  t h e  w a l l ,  and about 0.5% near  the centerbody.  In the circum- 
f e r e n t i a l  d i r e c t i o n ,  t h e  levels tended t o  b e  more uniform across  the duct  
a l though the  h ighes t  va lue  was, with .only one exception, neatest '  the . w a l l .  
Wi thou t  t he  sc reen ,  t he  c i r cumfe ren t i a l  i n t ens i ty  level near  : the  w a l 1 , w a s  
between 2 and 4X, hav ing ,a  h ighe r  va lue  a t  t h e  74% speed  poin t .and  a luwer 
va lue  a t  t h e  89% poin t ;  the  screen  . reduced  these 'va lues .  to .  the .  range  of 1 t o  
2%. Through  the rest of   the  duct  traverse, t h e  c i r c u m f e r e n t i a l  i n t e n s i t y  
l e v e l  was i n  t h e  r a n g e  o f  1 t o  2% without  the screen and 0,.5 t o  1% wi th  the  
screen .  
Thus,  the screen was e f f e c t i v e  i n  s i g n i f i c a n t l y  r e d u c i n g  t u r b u l e n c e  
i n t e n s i t y  l e v e l s ,  b u t  d i d  n o t  a p p r e c i a b l y  a f f e c t  t h e  a x i a l  i n t e g r a l - l e n g t h  
s c a l e ,  a t  least  i n s o f a r  as i ts  expec ted  e f f ec t  on r o t o r  n o i s e  is concerned. 
6 . 4 . 2  Acoustic Data 
The 1 /3  oc t ave  band PWL s p e c t r a  f o r  t h e  c y l i n d r i c a l ,  a c c e l e r a t i n g ,  a n d  
h y b r i d  i n l e t s  are shown i n  F i g u r e s  75 ,   76 ,  and 7 7 ,  r e spec t ive ly ;  i n  each  
case, d a t a  are shown wi thou t  and  wi th  the  in l e t  s c reen ,  fo r  7 4 ,  8 9 ,  and 94% 
speed points .  
A t  t h e  lowest (subsonic  t ip )  speed  poin t ,  the  spectra are dominated  by 
t h e  BPF t o n e  o r ,  i n  t h e  case o f  t he  hybr id  in l e t ,  by t h e  BPF second harmonic. 
A t  the  middle  ( t ransonic  t ip )  speed  poin t ,  MPT's appear a t  l e v e l s  n e a r l y  
e q u a l  t o  t h a t  of  the BPF 1/3 octave band i n  t h e  case of t h e  c y l i n d r i c a l  and 
a c c e . l e r a t i n g  i n l e t ;  t h e  h y b r i d  i n l e t  s p e c t r a ,  b o t h  w i t h  a n d ' w * t h o u t  t h e  i n l e t  
screen,  have l i t t l e  MPT content  bu t  the  h igh  f requency  noise , f rom BPF through 
t h e  n e x t  f i v e  1/3 octave  bands,  dominates. A t  t he  h ighes t  ( supe r son ic  t i p )  
speed  po in t ,  t he  spec t r a .  for a l l  i n l e t s  are dominated by MPT's. 
The p r imary  e f f ec t  o f  t he  in l e t  s c reen  at  t h e  lowest speed .point, as 
expec. ted because of  the long axial  integral- length scale of - the  . t u rbu lence ,  
i s . t o  reduce  the  BPF t o n e  l e v e l ;  smaller but .de tec tab le  red-uc t ion  occurred  a t  
frequencies  above  the  second  harmonic. The reduct ion  of the 1/3 octave band 
con ta in ing  the  tone  was between 2 and 3 dB; t h a t  ,of the  higher  f requency 
bands was 1 dB o r  less. . T h e  c y l i n d r i c a l  i n l e t  was a f f ec t ed  by the  sc reen  
,less t h a n  t h e  a c c e l e r a t i n g  o r ' h y b r i d  i n l e t s .  
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Figure 72. Circumferential Turbulence Intensity with and without 
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The e f f e c t  o f  the  screen  a t  the  h ighes t  speed  poin t .  w a s  mixed, varying' 
from showing e s s e n t i a l l y  no change f o r  t h e  c y l i n d r i c a l . i n l e t ,  t o  showing a 
d e c r e a s e  o v e r  t h e  f u l l  s p e c t r a l  r a n g e  f o r  t h e  a c c e l e r a t i n g  i n l e t ,  and t o  
showing an increase over .  par t  and a decrease over  , the '  remainder .  of t he  
spec t rum  fo r ' .   t he   hybr id   i n l e t .  
' This change in '  behavior of t h e  e f f e c t  of the  screen  be tween the  lowes t  
and:  the  h ighes t  speed  poin ts  is probably  the  resu l t  o f  a change i n  t h e  
source  mechanism from one of turbulence-rotor interaction' .  to the one which 
i s  r e s p o g s i b l e  f o r  MPT genera t ion .  And, t h e  d a t a  f o r  t h e  i n t e r m e d 1 a t . e  
i A t  the  lowes t  speed  poin t ,  th,?., 1 /3  octave band containing the BPF tone 
va rbed  th roughou t  t he  f a r f  i e ld  arc a s . " ' s h o k  i n  F i g u r e  78. The d i f f e r e n c e  
caused by t h e  i n l e t  s c r e e n  , v a r i e d  firom ze ro  up t o  more than  6 dB reduct ion  
(neLer' an increase) ' . ,showing ' that: ,  th'e i n l e t  turbulence"wfth-out',tlie sc reen  
was+m-imgortarit..  .f-actor-.in-  the. BPF- no i se   obse rved .   i n   t h f s ,  test .-setup. 
s c reen  was : i n s t a l l e d  s t i l l  con ta ined  ro to r - tu rbu lence  in t e rac t ion  gene ra t ed  
noise . . :  "The  ax ia l  tu rbulence  sca les ,  even  wi th  the  screen  ind ta l led ,  were 
s t i l l  w e l l  above lengths  needed to  generate  pure tone noise ' .  Also,  turbulence 
i n t e n s i t i e s  i n  t h e  i m p o r t a n t  b l a d e  ti# region seldom f e l l  much below 2 percent .  
F u r t h e r  no i se  r educ t ions  may have  been  obta ined  wi th  la rger  decreases  in  
turbulence.  
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SECTION 7 .0  
CONCLUSIONS. 
Based  upon  the  analytical  and  experimental  results  from  the  program 
described in this  report,  the  following  conclusions  have  been  reached: 
1. The  analysis  of  Zorumski  as  implemented  in  the  computer  program 
ACTAMD'predicts the  correct  magnitude  and  proper  trends of uppres- 
sion,  within  about 50% of  that  measured,  even  with  the  relatively 
' .  .crude  mathematical  models.  used  to  define  the  source  characteristics 
and  to  estimate  the  acoustic  treatment  impedance  components  under 
the  actpal  test  conditions. 
. ., . . . .  
2. Multi-segmented  acoustic  treatment  provided  substantial  improvement, 
relative to.single phase  (uniform)  treatment,  over  a  broad  range  of 
.low  frequencies.  This  improved  performance  was  found  not  only  for 
the  cylindrical  but  also  for  the  hybrid  inlet.: 
3.  The  accelerating  inlet  concept  provides  substantial  amounts  of 
suppression  when  the  average  throat  Mach  number  is  in  the  range  of 
0 .72  to  0.79,  without  compromising  the  aerodynamic  performance  of 
the  inlet. 
4. In  the  hybrid  inlet,  the  suppression was found  to  be  less  than  the 
.linear  sum of that  for  the  accelerating  inlet  and  for  the  treatment, 
based  on  data  for  each  effect  measured  separately.  Acoustic  probe 
data  on  blade-passing-frequency  tone  levels  suggests  that  the 
difference is not  in  the  loss of treatment  effectiveness  but is a 
result  of  reduced  suppression  in  the  throat  region. 
\. 
. .  
5 .  The  measurement  of  the  spinning  modes  by  means  of  the  acoustic  mode 
probe  used  in  this  program  was  possible  for  subsonic  tip  speeds  of 
the  stage,  when  the'measurement  was  made  on  the  source  side  of  the 
treatment.  Some  question  remains  with  regard  to  the  repeatability 
of  the  data,  and  there is some  evidence  that  the  probe,  itself, 
measurement  on  compressor  or  fan  inlets  should  investigate  the 
feasibility  and  suitability  of  flush  wall  mounted  sensors.  Radial 
as  well  as  circumferential  modal  information  is  required,  whichever 
technique is used. 
. Influenced  the  sound  field;  in  future  work,  attempts  at  such 
6 .  Inlet  turbulence  levels  associated  with  the  test  configuration  and 
setup  used  in  this  program  can  be  reduced  by an inlet  screen. 
' 'Reduction of  the  blade-passing-frequency  and harmonic,tones.of the 
test  vehicle  resulted  when  a  screen  was  added in.the. current  in- 
vestigation;  some  residual  turbulence-rotor  interaction  noise 
was  still  present  even  after  the  screen  was  added. 
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r e p e a t a b i l i t y  of t h e  d a t a ,  a n d  t h e r e  is some evidence  tha t  the  
probe ,  i t se l f ,  in f luenced  the  sound f ie ld ;  in  fu ture  work ,  a t tempts  
a t  such measurement on compressor o r  f a n  i n l e t s  s h o u l d  i n v e s t i g a t e  
t h e  f e a s i b i l i t y  and s u i t a b i l i t y  of f l u s h  w a l l  mounted senso r s .  
Radial  as w e l l  as c i r c u m f e r e n t i a l  modal information is requ i r ed ,  
whichever technique is used. 
6 .  I n l e t   t u r b u l e n c e  levels a s soc ia t ed   w i th   t he  test conf igu ra t ion  and 
se tup  used  in  th i s  program can  be  reduced  by a n  i n l e t  s c r e e n .  
Reduction of the blade-passing-frequency and harmonic tones of t h e  
test v e h i c l e  r e s u l t e d  when a s c r e e n  was added i n  t h e  c u r r e n t  i n -  
v e s t i g a t i o n ;  some re s idua l  t u rbu lence - ro to r  i n t e rac t ion  no i se  was 
s t i l l  p r e s e n t  even a f t e r  t h e  s c r e e n  was added. 
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